





























































直接経費 間接経費 メ口b、 計
平成 16年度 21，500，000 6，450，000 27，950，000 
平成 17年度 3，800，000 1，140，000 4，940，000 
平成 18年度 2，900，000 870，000 3，770，000 






















































ら、 SPring酬8の放射光を用いてX線回折、 X線小角散乱、 X線非弾性散乱測定を行い、イ
オンの挙動を観察した。
3)放射光実験
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Molybdenum cell for x-ray diffraction measurements of fluid alkali metals 
at high temperatures and high pressures 
Kazuhiro Matsudaa) and Kozaburo Tamura 
Department of Materials Science and Engineering， Graduate School of Engineering， Kyoto University， 
Kyoto 606・-8501，Japan 
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Masanori Inui 
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We have developed a sample cell for x-ray di百'ractionmeasurements of fiuid alkali metals at high 
temperatures and high pressures. All parts of the cell are made of molybdenum which is resistant to 
the chemical corrosion of alkali metals. Single crystalline molybdenum disks electrolytically 
thinned down to 40μm were used as the walls of the cel through which x rays pass. The crystal 
orientation of the disks was controlled in order to reduce the background from the cel. All parts of 
the cel were assembled and brazed together using a high-temperature Ru-Mo alloy. Energy 
dispersive x-ray di百'ractionmeasurements have been successfully carried out for fiuid rubidium up 
to 1973 K and 16.2 MPa. The obtained S(Q) demonstrates the applicability of the molybdenum cel 
to x-ray di百'ractionmeasurements of fiuid alkali metals at high temperatures and high pressures. 。2004American Institute of Physics. [DOI: 10.1063/1.1646769J 
1. INγRODUCTION 
A considerable amount of theoretical or experimental 
works have been given to investigate the physical properties 
of日uidmetals over a wide range of temperature and pres-
sure. Much attention has been paid to those in the critical 
region， where various phenomena particular to自uidmetals 
appear.l The metal-nonmetal (M-NM) transition observed 
around the critical region is a marked phenomenon， which 
distinguishes metallic fiuids from normal insulating fiuids? 
Fluid alkali metals are typical examples of materials 
whose physical properties are strongly dependent on the ther-
modynamic state. Liquid alkali metals near the triple point 
are generally regarded as simple monatomic liquids with 
their physical properties resembling those of the solid state. 
The transport properties such as electrical conductivity are 
well explained within the framework of nearlyωfree時electron
model. However， the deviation from the model appears when 
the density of the liquids decreases.3 When the fiuids are 
expanded further by heating up to the critical point， the con匂
ductivity substantially decreases and eventually the M-NM 
transition occurs， which implies a drastic variation in the 
nature of the interatomic interaction as indicated by the con“ 
ductivity data of rubidium (Rb)4 and cesium (CS).5 
It is interesting to investigate the interrelation between 
the electronic and the structural properties in the M -NM 
transition region. Several structural studies on expanded fiuid 
alkali metals at a high temperature region have been carried 
out. Franz et al. 6 performed neutron di百'ractionexperiments 
of Rb up to 2000 K. Winter et al.3 also carried out the neu拘
a)Electronic mail: matsuda@mtLkyoto-u.ac.jp 
0034・6748/2004/75(3)/709/4/$22.0。 709 
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tron diffraction of Cs up to its critical region. Di百'raction
measurements using synchrotron radiation have also been 
carried out. Hosokawa et at.1 perforrned x-ray diffraction ex-
periments of Rb up to 1573 K using a sample cell made of 
single crystalline sapphire. The precision of the data was 
significantly improved by the use of synchrotron radiation. 
However， the temperature range was limited to 1573 K due 
to the reactivity of alkali metal with sapphire. 
Molybdenum is known to be resistant to chemical cor-
rosion with alkali metals and widely regarded as a suitable 
material for those experiments at high temperatures exceed-
ing the critical temperatures (Tc=2017 K for Rb and Tc 
= 1924 K for Cs) to measure the equation of state，8 electrical 
conductivity，8 and also the neutron diffraction.6 The use of a 
molybdenum cel for x-ray di旺'ractionmeasurements of fiuid 
alkali metals is quite attractive because it enables us to in-
vestigate the structural changes accompanying the M-NM 
transition in the supercritical region. In addition， combined 
with a synchrotron radiation as an x-ray source， more precise 
data on the structural changes might be obtained. 
In the present article we repo託 thedesign and the fabri帥
cation of a new sample cel made of molybdenum for x-ray 
di百'ractionmeasurements using synchrotron radiation. 
1. MOLYBDENUM CELL 
A. Construction of the cell 
Figure 1 (a) illustrates the construction of a sample cel. 
The cel was designed for x -ray transmission geometry and 
al parts of which were made of molybdenum. The cell 
mainly consists of three components， an outer pipe which is 
indicated by (1) in the figure (4 mm inouter diameter and 3 
。2004American Institute of Physics 







(2) inner pipe 
saf!1ple space 
single crystalline Mo disk 
1 m符1
ト一一→
FIG. 1. (a) The construction of a sample cel made of molybdenum， (b)the 
enlargement of the area enclosed with the broken circle in (a)， and (c) a 
C-shape ring spacer. 
mm in inner diameter)， an inner pipe (2) (3 mm in outer 
diameter and 1.5 mm ininner diameter)， and a reservoir (3). 
These three components were made of polycrystalline mか
lybdenum and were al fabricated with conventional machin-
ing techniques. They were screwed together with each other 
and then sealed with high temperature Ru-Mo brazing alloy. 
The hole with 0.5 mm indiameter in the inner pipe shown in 
the figure was made by electrodischarge machining and 
made for introducing liquid sample in the reservoir into the 
area enclosed with the circ1e in Fig. l(a). 
Figure 1 (b) shows an enlargement of the area enc10sed 
with the circ1e in Fig. l(a). A spacer (4) with thickness ofO.4 
mm made of polycrystalline molybdenum， which is shown in 
Fig. l(c) and called “C'¥.shape ring， determines the sample 
thickness and was located between two thinned walls made 
of single crystalline molybdenum with thickness of 40μm 
[(5)，(6)]. The liquid sample contained in the reservoir is irト
troduced into the sample space through the hole with 0.5 mm 
in diameter and the narrow path between two pipes. The 
C-shape of the ring spacer is in order for facilitating the 
introduction of the liquid sample into the sample space. 
The incident x rays come from the right-hand side as 
indicated by the arrow in Fig. l(b). The x rays scattered by 
the fluid sample and molybdenum walls go out to the direc-
tion of the left-hand side. The left end was tapered for out-
20 
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going x rays with large scattering angles so as to pass with-
out blocking. 
B. Single crystalline molybdenum 
The most important point in the cell construction is the 
use of the single crystal1ine molybdenum as the material for 
the walls of the cell indicated by (5) and (6) in Fig. l(b). 
We have so far performed energy dispersive x-ray dif-
fraction measurements for expanded fluid Hg and Se at the 
supercritical conditions using a high pressure vessel specially 
designed in our laboratory.9-11 The vessel has pressure闘
sealed bery1ium (Be) windows located at different angles of 
2θ(40，70，11.50，150，200，250，330) through which scattered x 
rays go out and are detected by a pure germanium solid state 
detector (a pure Ge SSD). This construction is quite effective 
for the measurements at high pressures and high tempera-
tures. We have successfully obtained the precise structural 
data on expanded fluid Hg and Se at the supercritical 
conditions.lO 
In the energy-dispersive method white x rays are used as 
the incident beam， so polycrystalline molybdenum could not 
be used because x rays scattered by the polycrystal produce a 
huge background inc1uding a Debye-Scherrer pattern dis-
turbing the signals from the fluid sample. In the present ex-
periment， we used single crystalline molybdenum disks for 
the walls of the cell through which x rays pass as indicated 
by (5) and (6) in Fig. l(b). The diffraction spectrum might 
contain the Bragg peaks from the cel. We could remove the 
Bragg peaks in the spectrum by controlling the crystal orien-
tation as described later. 
Since the main oscillations of the structure factor S(Q) 
of liquid Rb6 near the melting point appear at a lower Q 
region than those of liquid Hg，IO it is important to choose the 
crystal axis of molybdenum which gives no Laue spots in the 
region of small angles of 40， 70， and 11.50. We carried out 
the simulation of the Laue patterns from molybdenum crystal 
when the incident x rays are scattered from the wall of the 
cel. We found that the selection of the crystal axis with low 
Miller index such as (100)， (110)， and (111) is appropriate. In 
the present experiments， we adopted the axis with (100) in-
dex. 
In addition， itis important to reduce the thickness of 
molybdenum disk for obtaining sufficient intensity of the 
scattered x rays from the fluid sample. This is crucial when 
the density of the fluid approaches that in the critical region 
where the signal becomes quite weak. In the present experi-
ment， we have successfully fabricated the disk with thickn 






FIG. 2. The assembling procedure of the molybdenum cel at each step 
[(a)一(d)].The components were brazed with each other using the high tem-
perature brazing aloy of 43 wt % Ru-Mo powder. 
C. Assembling and brazing 
After al the parts of the cell (an outer pipe， an inner 
pipe， a reservoir， two single crystalline disks， and a C-shape 
ring) were prepared， they were connected with each other by 
brazing in a furnace using 43 wt % Ru-Mo alloy as a braz-
ing metal. 13 
First， an inner pipe and a reservoir were screwed to each 
other and the end of the hole with 0.5 mm indiameter was 
sealed with a small molybdenum pin as shown in Fig. 2(a). 
Then the brazing metal was applied into the connected area 
between these components and a brazing process was carried 
out at 20000C for 5 min in the vacuum (10-3 Pa) followed 
by the cooling process in the furnace. The rate of the tem-
perature increase was 10 oC/min. In this process， the brazing 
metal melted and the components were connected. Second， a 
single crystalline disk and a spacer were inserted into the 
outer pipe and positioned at the end. Another single crystal駒
line disk was set on the end of the inner pipe. The brazing 
metal was applied into the contact area of each component 
and the brazing at the same condition was performed [Fig. 
2(b)]. Finally， the two pipes were screwed to each other and 
the brazing metal was applied into the connected area. The 
brazing was carried out again [Figs. 2(c) and 2(d)]. After 
each step of the brazing process was finished， the seal around 
the connected area was examined with a helium (He) leak 
detector. In each step the same brazing process was repeated 
until no leakage is found. 
Figure 3 shows the fabricated molybdenum cel in (a) 
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FIG. 3. (a) The fabricated molybdenum cel. (b) The transmission Laue 
difraction spots from the two single crystaline molybdenum disks used as 
the wals of the cel. 
and the transmission Laue pattern in (b) obtained by using an 
in四housewhite x-ray source operated at 46 kV， 16 mA. Laue 
spots with fourfold symmetry are c1early observed， which 
confirms that the crystal axis of the cell corresponding to 
(100) orientation is well accomplished. Two nearby spots 
seen in Fig. 3(b) correspond to those separately coming from 
two single crystalline molybdenum disks kept at distance 
with the inserted C-shape ring spacer. The sharp Laue spots 
show that no mechanical strains are introduced into the disk 
throughout the fabrication process of the cell. 
11. DIFFRACTION EXPERIMENTS 
Liquid Rb was introduced into the cell in a glove box 
filed with highly purified He gas. In the glove box， first， we 
put a small vacuum chamber within which a small furnace 
was installed for heating the cell. Solid Rb was put in the 
reservoir of the cell and the cel was set in the chamber， and 
then the chamber was evacuated. Next， the cell was heated 
up above the melting temperature of Rb (390C). After the 
melting of Rb in the reservoir was confirmed， the chamber 
was leaked in the glove box and He gas was introduced into 
the chamber. The surface of liquid Rb in the reservoir was 
forced with He gas and then the liquid sample was intro-
duced into the sample space through the hole with 0.5 mm 
diameter and the narrow path between two pipes as shown in 
Fig. l(a). Finally， the molybdenum cell filed with Rb was 
put in the high pressure vessel and the vessel was c1osed， the 
procedure of which was carried out in the glove box. Then 
the vessel was taken out of the glove box. 
Energy-dispersive x-ray di妊'ractionmeasurements for 
ftuid Rb were performed on the beam line (BL28B2) at 
SPring四8.White x rays were used as the incident beam， and 
scattered x rays were detected by a pure Ge SSD. Figure 4 
shows the raw spectra at angle 20=40 obtained by the mea-
surements at several temperatures and pressures up to 1973 
K， 16.2 MPa. We have also succeeded in obtaining the spec-
trum at 1973 K， 9.5 MPa， which corresponds to that in the 
dense vapor phase. These data are those obtained after the 
escape correction of a pure Ge SSD.9 The first maximum was 
observed c1early at 45 ke V， which corresponds to the first 
peak of the structure factor S(Q) of liquid Rb. Data analysis 
to obtain S(Q) from the spectrum requires further data cor-
rections in addition to the escape e百ectof the a pure Ge 
SSD， such as the energy spectrum of the incident x-ray 
beam， the effect of the absorption by the molybdenum cell， 
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FIG. 4. The difraction intensity vs photon energy for ftuid Rb at various 
temperatures and presures. 
compressed He gas， the Be windows， the fluid Rb sample 
itself， and finally the Compton scattering of the sample and 
the cel.14 
In Fig. 5 we show S(Q) for fluid Rb obtained at three 
di百erenttemperatures and pressures. Dots represent the ex-
perimental data. At 373 K the position of the first maximum 
is located at 15.2 nm -1 showing good agreements with the 
data obtained by the others.15，16 The overall shape of S(Q) 
also coincides well with the previous data，15，16 showing the 
reliability of our data obtained by using the molybdenum 






? ? ? ?
•. 





O 50 10 20 30 
Q (nm勺
40 
FIG. 5. Structure factor S( Q) for ftuid Rb at thre diferent temperatures 
and presures. 
Matsuda et al. 
damped. The intensity of the first maximum is strongly re-
duced and the shape of the peak is broadened with increasing 
temperature and with decreasing density， which also shows 
the same tendency previously observed in expanded fluid 
Rb6 and Cs.3 
Further discussion on the results of the data analysis is 
beyond the scope of this paper and it will be given in later 
publications. 
ACKNOWLEDGMENTS 
The authors would like to express our gratitude to Y. Ito 
for valuable supports for the fabrication of the cell. The au-
thors are also grateful to Professor K. Osamura， Professor Y. 
Hiraoka， Dr. K. Ito， and Professor M.， Yamaguchi for valu側
able suggestions on the cell preparation. The authors thank 
H. Ito， M. Kusakari， K. Sato， K. Mifune， and K. Kato for 
their helpful support on the di旺ractionexperiments at 
SPring-8. This work was supported by a Grant-IrトAidfor 
Scientific Research Fund from the ministry of Education， 
Culture， Sports， Science and Technology (Specially Pro-
moted Research No. 11102004). One of the authors (K.M.) 
would like to acknowledge the Japan Society of Promotion 
of Science. The synchrotron radiation experiments were per-
formed at the SPring-8 with the approval of the Japan Syn-
chrotron Radiation Research Institute (JASRI) (Proposal No. 
2003A6020悶LD問np).
1 F. Hensel and W. W. Warren， Jr.， Fluid Met，αls; Liquid-Vapor Transition of 
Metals (Princeton University Pres， Princeton， NJ， 199). 
2F. Hensel， Ber. Bunsenges. Phys. Chem. 80， 786 (1976). 
3 R. Winter， F.Hensel， T.Bodensteiner， and W. Glaser， Ber. Bunsenges. 
Phys. Chem. 91， 1327 (1987). 
4w. Freyland， Comments Solid State Phys. 10， 1 (1981). 
5 F. Hensel， M. Stoltz， G.Hohl， R.Winter， and W. Gotzlaff， J. Phys. Coloq. 
C5， 191 (1991) 
6G. Franz， W. Freyland， W. Glaser， F.Hensel， and E. Schneider， J.Phys. 
Coloq. C8， 194 (1980). 
7 S.Hosokawa， W.-c. Pilgrim， F.Hensel， J.-L. Hazemann， D. Raoux， M. 
Mezouar， T.Le Bihan， and D. Hausermann， J.Non-Cryst. Solids 250-
252， 159 (1999) 
8 H. P. Pfeifer， W. Freyland， and F. Hensel， Ber. Bunsenges. Phys. Chem. 
83， 204 (1979). 
9K. Tamura， M. Inui， and S. Hosokawa， Rev. Sci. Instrum. 70， 144 (199). 
1OK. Tamura and M. Inui， J.Phys.: Condens. Matter 13， R337 (201). 
11 K. Tamura， M. Inui， 1. Nakaso， Y.Oh'ishi， K. Funakoshi， and W. Utsumi， 
J. Phys.: Condens. Matter 10， 11405 (198). 
12 K. Okamoto， M. Mori， T.Fuji， and Y. Hiraoka， inProceeding of the 12th 
lntemational Plansee Seminor '89， edited by H. Bildstein and H. M. Ort-
ner (Reute， Tirol， Austria， 1989)， p. 171-184. 
13 Y. Hiraoka and T. Fuji， inProceeding of the 12th lntemational Plansee 
Seminor '89， edited by H. Bildstein and H. M. Ortner (Reute， Tirol， 
Austria， 1989)， p. 265-279. 
14S. Hosokawa， T.Matsuoka， and K. Tamura， J.Phys.: Condens. Matter 3， 
4443 (1991). 
15 Y. Waseda， The Structure of Non“Crystalline Materials; Liquids and 
Amo中housSolids (McGraw欄Hil，New York， 1980). 
16M. S. Zei， Phys. Rev. B 24， 4509 (1981). 
22 
PRL 98， 096401 (2007) PHYSICAL REVIEW LETTERS week ending 2 MARCH 2007 
Instability of the Electron Gas in an Expanding Metal 
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We have measured x-ray diffraction and small-angle x-ray scattering of fiuid rubidium by reducing 
electron density down to the range where the compressibility of the interacting electron gas has been 
theoretically predicted to become negative. Negative compressibility is closely associated with a negative 
value of the static dielectric function， which makes the screened Coulomb interaction among like charges 
overall atractive. It was clearly observed that the interatomic distance decreases in spite of the fact that 
meαn interatomic distance increases with expansion， suggesting that an attractive interaction among like 
charges， ions in this case， isenhanced. These findings indicate that the observed structural features are 
evidence of the compressional instability of the 3D electron gas. 
D01: 1O.1103/PhysRevLett.98.096401 
Since Wigner's pioneering work [1]， the anomalous 
behaviors of low-density electron gas， such as ferromag-
netism [2] or superconductors [3，4]， has been extensively 
investigated. The phase behavior of electron gas has been 
discussed on the basis of ground“state energy， which is 
conventionally given as a function of the expansion pa-
rameter rs (rs is the Wigner-Seitz radius in units of Bohr 
radius). To date， quantum Monte Carlo calculations [2] 
have enabled an essentially accurate determination of 
ground-state energy and various thermodynamic quantities 
have been deduced. An intriguing but established property 
deduced from ground-state energy is compressibility. It 
becomes negative when r九s> 5.2お5，implying the thermody-
namic instability of low-d幽
1 a勾ppearanceof t白henega剖矧tivec∞omprl印es路si尚bi出lit旬yh加asposed an 
issue of the possibility that the electron gas undergoes a 
phase transition resembling an ordinary liquid-gas transiω 
tion [7，8] or a transition into a broken-symmetry phase 
such as the Wigner crystal [9]. 
Negative compressibility is c10sely associated with the 
negative sign of the electron static dielectric function (DF)， 
e(q， 0)， ata small Iql by taking the compressibility sum 
rule into account [5]. The negative sign of the static DF of 
electron gas is theoretically possible without violating any 
causality or stability requirements， and appears only if the 
exchange and correlation effects are taken into account 
[10，1]. In a medium of electron gas with a static negative 
DF， an unusual situation might be caused in which test 
charges with the same sign， either positive or negative， 
attract. Here， a question arises as to whether the negative 
sign of the static electron DF really exists and is observable 
in real systems such as metals. A1though the existence of 
the negative electron DF has been reported thus far in a 
synthesized two-dimensional system such as the interface 
between semiconductors， the existence of the negative 
electron DF in a threeωdimensional system has never 
been confirmed [12]. 
One ofthe possible means of observing the negative sign 
of the electron DF is to measure structural properties. 
PACS numbers: 71.10.Ca， 61.10.ーi，61.25.Mv， 62.50.+p 
Suppose that positive ions in metals are viewed as test 
charges put in the electron gas. An attractive Coulomb 
force appears to work between the ions when the DF of 
the electron gas becomes negative. Therefore， itwould be 
probable that the static or dynarnic structures of ions are 
changed. In this sense， ions could be a probe for inves-
tigating the instability of electron gas. Actually， ithas been 
suggested that the negative sign of the electron DF might 
lead to lattice instability through the coupling of electrons 
with the phonon system of the crystal [11]. Also， a similar 
suggestion was given for the jellium model [13]: if the 
constraint of a uniform rigid background is eliminated， the 
condition ε(q，O)く obrings about a spontaneous density 
ftuctuation of the background with corresponding Iql. 
Expanded ftuid alkali metals [14] are an ideal material 
for solving the problem of electron gas instability for the 
following reasons: First， alkali metals are a typical proto-
type of three伊dimensionalelectron gas. Second， a continu白
ous and substantial reduction in electron density is possible 
by utilizing volume expansion along the liquid同vaporsatu-
ration line. Third， positive ions in ftuids can readjust their 
positions easily compared with those in solids， thus struc-
tural change might be more pronounced in ftuids through 
the coupling of electrons and ions. 
We have recently devised a sample cel with x-ray 
windows made of single-crystalline molybdenum resistant 
to the high reactivity ofhot alkali metals [15]. By combin-
ing this cell with a high-pressure apparatus [16]， we have 
succeeded in measuring the x-ray diffraction and small-
angle x-ray scattering (SAXS) of ftuid rubidium over a 
wide range of temperatures and pressures from the triple 
point up to supercritical regions. We have obtained struc-
tural data using a synchrotron radiation source. 
X同raydiffraction analysis was carried out in the energy-
dispersive mode at the BL28B2 beam line at SPring-8 in 
Japan. White x rays were used as the incident beam， and 
scattered x rays were detected using a pure-germanium 
solid同statedetector. Small“angle x-ray scattering measure-
ment was performed at the BL04B2 beamline at SPring-8. 
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Monochromatized 38 keV x rays were used as incident 
beam and scattered x rays were detected using an imaging 
plate. Stable and precise measurements were carried out 
for the first time from the triple point up to 2123 K and 
22.0 MPa beyond the critical point of rubidium. 
The measured structure factor S(Q) for ftuid rubidium is 
plotted at different temperatures， pressures， and densities 
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FIG. 1. Structure factors S(Q) for expanded fiuid rubidium at 
various temperatures and pressures. Temperature， pressure and 
density are indicated on the upper right同handside of each data 
set. The dots represent the experimental data and the ful curves 
show the Fourier transforms of g(R) in Fig. 2. The broken line 
indicates the position at the first peak and second one of S(Q) at 
373 K， respectively. The inset shows the phase diagram of 
rubidium (Tc = 2017 K， Pc = 12.45 MPa) [14] in which dot-
and-dash line indicates the path of the conditions at which the 
present measurements were performed. 
by SAXS measurement separately carried out. With in-
creasing temperature (decreasing density)， both intensities 
of the first and second maxima decrease. However， the 
overall oscillatory structure persists even in the high-
temperature region of up to 2123 K. As seen in the figure， 
the first maximum slightly shifts to a lower Q with decreas-
ing density. On the contrary， the second peak of S(Q)， 
which is not completely blurred out， shifts to a relatively 
higher Q region. 
百lepair distribution function g(R) is deduced from the 
Fourier transform of S(Q) and is shown in Fig. 2. The peak 
height of the first maximum of g(R) progressively de-
creases， whereas that of the second maximum approaches 
one. N ote that the position of the first maximum starts to 
shift to a low R below density of 1.1 g cm -3. 
The density variation of the position of the first maxi-
mum， Rb is shown in Fig. 3(a). Rl corresponds to the 
2073 22.0 0.60 
1973 21.8 0.68 
1873 21.7 0.75 
1773 21.6 0.81 
--ー『ー"ー-
1673 21.5 0.88 
Eド/よ 1573 21.3 0.93 
、、-
0> I 1473 21.1 0.98 
1373 20.9 1.05 




FIG. 2. Pair distribution function g(R) of expanded fiuid nト
bidium derived from Fourier transform of S(Q). The broken line 
denotes the peak position of the first maximum of g(R) at 373 K. 
Temperature， pressure and density are indicated on the upper 
right-hand side of each curve. 
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average near~st-neighbor distance. It is located at approxi-
mately 4.85 A at 373 K and is almost the same as that of the 
solid state. It remains constant with a decreasing density 
from 1.5 to 1.1 g cm -3 and then starts to decrease. It 
gradually decreases with further de~sity decrease and 
shows saturation at approximately 4.2 A at densities lower 
than 0.5 g cm -3. Figure 3(b) shows the density variation in 
coordination numbers which isderived by integrating the 
radial distribution function defined by 41TR2nog(R) (no: 
number density) up to the first-minimum position. The 
coordination number decreases substantially and almost 
linearly with decreasing density from 1.5 to 1.1 g cm-3 
and then shows a strong deviation from a linear deperト
dence， remaining at approximately 6 until reaching 
0.7 gcm-3. 
The structural change observed in the density range from 
1.1 to 0.5 g cm -3 is quite opposite to that expected because 
interatomic distance decreases despite mean interatomic 
distance increasing with volume expansion. The present 
results on R 1 are， in fact， completely opposite to those 
previously obtained by the neutron diffraction measure-
ments [17] in which R 1 rather increased with decreasing 
density. These structural features strongly indicate that an 
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FIG. 3. Density dependence of local structure of fiuid rubid-
iurn. (a) Density dependence of interatornic distance Rl・
(b) Density dependence of coordination nurnber. The critical 
density is denoted ρc・Thecorresponding scale of r;is shown on 
the upper axis of the graph of R 1・
attractive force appears to work among ions in the density 
range from 1.1 to 0.5 gcm-3. Note that the coordination 
number shows a deviation from a linear decrease and is 
maintained constant in the range from 1.1 to 0.7 g cm -3 in 
spite of progressive expansion， which indicates the appear-
ance of a spatial inhomogeneity. 
It is critical that local structural parameters (i.e.， inter-
atomic distance and coordination number) be scaled by the 
expansion parameter r s'In real metals， the effect of core 
polarization by ions reduces the strength of the effecti ve 
interaction among electrons. Kukkonen et αl. [18] pointed 
out that an ionic background can be viewed as a uniform 
and polarizable background by taking core polarizability to 
be a constant. Thus， rsfor the electron gas in metals should 
be scaled with r; = rs/εb rather than with rs， where εb is 
the dielectric constant of the polarizable background de-
fined by εb = 1 + 41Tnα(α: ionic polarizability， n:the 
number density of ions). This corrected rs(口 r;)is shown 
on the upper horizontal axis of Fig. 3(a). As seen in the 
figure， R 1 starts to decrease and the coordination number 
shows a deviation from a linear decrease between r;= 5 
and 5.5. This density range agrees well with the critical rs 
(=5.25) beyond which the compressibility of electron gas 
becomes negative and also the static e1ectron DF becomes 
negative at a low wave vector. The negative electron DF 
generates an attractive Coulomb interaction among test 
charges with the same sign-the charges of ions in this 
case. The observed local contraction in the metallic state 
below 1.1 g cm -3 can be interpreted as structural variation 
caused by the enhancement in the attractive force among 
the ions. The local contraction indicates an increase in 
local atomic density， which would generate a rare region 
of density at the same time. 
Such inhomogeneous structure was also observed in our 
SAXS measurement. As shown in Fig. 1， the S(Q) at a low 
Q less than 0.3 A -1 starts to increase with decreasing Q， 
which indicates the appearance of density fluctuation. We 
derived correlation length c and S(O) using the Ornsteinω 
Zernike formula. Fig. 4(a) shows density dependence of 
the correlation length for expa!1ded fluid rubidium. The 
correlation length is about 5 A around 1.2 g cm-3 and 
remains almost constant around it in the density range 
from 1.2 to 0.6 gcm-3， which corresponds to the density 
range where the appearance of stru 
096401嶋3
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FIG. 4. Density dependence of correlation length and 5(0) for 
expanded fluid rubidium up to the critical region. Dots represent 
the data measured at the conditions as shown in the inset in 
Fig. 1. Open circ1es indicates the data measured at the pressure 
of 5 MPa. 
shown as open circ1es in Fig. 4. Even far from the critical 
point， the increase in S(O) was observed in the metallic 
liquid range (0.9-1.1 g cm -3) where the measurement was 
carried out， which might indicate that density ftuctuation 
around this range is not interpreted as a tail of the critical 
one but is attributed to the ftuctuation intrinsic to phase 
behaviors of the electronic system. According to Pines and 
Nozieres .[ 13]， the negative static DF of the electronic 
system brings about a spontaneous density ftuctuation of 
the background if the constraint of a uniform rigid back-
ground is eliminated. In the ftuid system， the ions can 
rearrange their positions easily compared with those in 
solids. Therefore， the density ftuctuation in the range 
from 1.1 to 0.6 g cm -3 might be related to the electron 
gas instability， i.e.， the negative DF of the electron gas. 
Theoretical efforts have been made to understand the 
physical meaning of the negative DF of electron gas 
from the microscopic point of view [19，20]. The negative 
sign of the static electron DF has been considered to be 
responsible for an attractive Coulomb interaction among 
electrons， when electrons are regarded as test charges， 
which raises the possibility of electron pairing. Various 
theories have predicted that the negative static DF is 
c10sely associated with the appearance of superconductiv-
ity [11 ，21-23]. We could not rule out the possibility that 
expanded ftuid alkali metals become superconducting state 
at low temperatures if their structural response to the 
negative electron DF could be frozen as in the doped 
cuprates [24]. 
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The dynamic structure factor S(Q，ω) of expanded fiuid Hg has been measured up to the metal-
nonmetal transition region at 9.0 gcm-3 (1723 K and 1940 bars) using high-resolution inelastic x-ray 
scattering， atmomentum transfers， Q， from 0.2 to 4.8 A -1. Analysis in the framework of generalized 
hydrodynamics reveals that the frequencies of the collective excitations increase faster with Q than 
estimated from the macroscopic speed of sound. The effective sound velocity at 9.0 g cm -3 estimated 
from the dispersion relation is triple the ultrasonic sound velocity. The present result suggests the 
existence of fast sound in expanded fiuid Hg accompanying the metal-nonmetal transition. 
D01: 1O.1103/PhysRevLett.93.097801 
The study of the dynamical properties of fluids is of 
great importance both in statistical physics and material 
science. In the last decade， the use of inelastic x-ray 
scattering (IXS) at third generation synchrotron radiation 
sources has allowed many new studies of the dynamics of 
disordered materials. Fast sound in water is a remarkable 
example among them. An early computer simulation of 
molecular dynamics [1] predicted high-frequency sound 
waves almost twice as fast as ordinary sound. Neutron 
scattering experiments for liquid D20 was carried out in 
1978 [2] and a branch corresponding to the fast sound was 
first observed in a limited Q range by the second experi-
ment in 1985 [3]. After many studies on fast sound， 
inc1uding computer simulations， IXS experiments for 
water confirmed the existence of fast-sound waves in a 
wide Q region approximately twice the low frequency 
sound velocity [4]. The microscopic origin of the fast-
sound effect in liquid water may be explained as an 
extreme case of positive dispersion， where the average 
0-0 intermolecular distance lies in the repulsive region of 
an intermolecular pair potential due to a large intermo-
lecular interaction in water [5，6]. We have now observed 
the excitation energy of the collective mode in expanded 
fluid Hg near the metal-nonmetal (M四NM)transition to 
be much higher than expected from low frequency mea-
surements. The effective velocity deduced from the dis-
persion relation is 1500 ms-1 while the ultrasonic sound 
velocity is 490 m S-l [7，8]. The present observation sug-
gests the existence of fast sound in expanded fluid Hg 
accompanying the M -NM transition. 
Properties of expanded liquid metals have been exten-
sively investigated by heating them along the saturated 
vapor pressure curve. Liquid Hg， a prototypical liquid 
metal， undergoes the M司NMtransition with volume ex-
pansion from 13.6 gcm-3 at the ambient condition up to 
9 gcm-3 near the critical point (critical data ofHg [9]: 
Tc = 1751 K， Pc = 1673 bars， and Pc = 5.8 gcm-3). 
PACS numbers: 61.25.Mv， 61.10.-i， 71.30.+h 
Studies on expanded fluid metals inc1uding fluid Hg 
were reviewed by Hensel and Warren [10]. To c1arify 
the mechanism of the M-NM transition in fluid Hg， itis 
important to study the structural properties for the ex-
panded fluid. Tamura and Hosokawa [11] carried out x-ray 
diffraction measurements for expanded fluid Hg. An 
ab initio molecular dynamic simulation by Kresse and 
Hafner [12] succeeded in explaining the transition at 
9 g cm -3 in expanded fluid Hg and provided a local 
structure consistent with that experimentally observed 
[1]. Recently improved x-ray diffraction data using syn-
chrotron radiation were reported for expanded fluid Hg 
from liquid to dense vapor [13]. 
While it is essential to understand the dynamics of 
fluids， there are few studies on dynamical properties for 
expanded fluid Hg. Munejiri et al. [14] deduced an effec-
tive pair potential using experimental data [11] and ob-
tained a dynamic structure factor of expanded fluid Hg by 
means of a large-scale molecular dynamics simulation. 
Anomalous sound absorption was reported in expanded 
fluid Hg at the M-NM transition [15]. These investiga-
tions prompted us to measurethe dynamic structure 
factor， S(Q，ω)， of expanded fluid Hg. In this Letter， we 
report S(Q，ω) of fluid Hg at densities from 13.6 to 
9.0 gcm-3， up to the M-NM transition region， obtained 
using IXS. 
This work has been done at the high-resolution IXS 
beam line (BL35XU) of SPring-8 in Japan [16]. 
Backscattering at the Si (11 1 11) reflection was used to 
provide a beam of 3 X 109 photons/ sec in a 0.8 meV 
bandwidth onto the sample. The energy of the incident 
beam and the Bragg angle of the backscattering were 
21.747 keVand 89.980， respectively. We used three spheri-
cal analyzer crystals at the end of the 10 m horizontal arm 
to analyze the scattered x rays. The spectrometer resolu叩
tion was 1.6-1.8 meV (slightly degraded because our large 
high-pressure vessel forced the detectors about 240 mm 
097801-1 003ト9007/04/93(9)/097801(4)$22.50 @ 2004 The American Physical Society 097801-1 
27 
VOLUME 93， NUMBER 9 PHYSICAL REVIEW LETTERS 
week ending 
27 AUGUST 2004 
away from the sample position) and the momentum trans-
fer resolution was s Q ~ 0.1 A -1. 
The Hg sample of 99.999% purity and 24μm thick-
ness was mounted in a single-crystal sapphire cell [11]， 
and He gas of 99.9999% purity was used as a pressurizing 
medium. The high-pressure vessel， which can be operated 
up to 2000 K and 2000 bars， had three Be windows of 
10 mm diameter and 10 mm thickness and several smaller 
windows of 4 mm diameter and 5 mm thickness， so the 
x rays traveled through 15 mm of Be， 150 mm of He (at 
high pressure)， and the 24μm sample. The windows were 
centered at scattering angles of 20 = 10， 50， 100. 150， 
190， and 240， or from 0.2 to 4.83 A -1， and the 10 mm 
diameter windows permitted the simultaneous use of 
three analyzer crystals. For the crucial low Q region 
near the M-NM transition at p = 9 gcm-3， we collected 
several data sets at different vessel rotations relative to the 
very small (0.1 mm in diameter) incident beam. This 
allowed access to a small range of momentum transfers 
near to 0.2 A -1. We measured IXS spectra for expanded 
ftuid Hg at thermodynamic states [T (K)， p (bars)， p 
(g cm -3)] of (298， 2， 13.6)， (773， 50， 12.4)， (1273， 500， 
11.0)， and (1723，1940，9.0)， and those at 20 of 10 at 
several densities from 9 to 4 g cm -3. The He gas contrib時
uted significant background， especially at low Q. The 
backgrounds were measured at each pressure and tem-
perature and were subtracted after being scaled for sam拘
298l2bars 
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FIG. 1. IXS spectra (open circ1es) of liquid Hg at densities of 
13.6 and 9.0 gcm-3 after background subtraction. The experi-
mental data are normalized to their integrated intensity. Fits 
(solid lines) were made by convoluting the resolution function 
(dashed line) to a model function (see the text). Also shown are 
model function (dash-dotted curves)， Lorentzian (thin broken 
curves)， and damped harmonic oscillator (DHO) (thin solid 
curves) terms in the model function at Q壬 0.87A-1 
097801-2 
ple transmission. The signal from ftuid Hg became so 
large at low Q with volume expansion that we have 
succeeded in obtaining good quality data. 
Selected IXS data at 13.6 and 9.0 gcm-3 are shown in 
Fig. 1. The integral， S(Q)， of the spectrum， S(Q，ω)， was 
used for the normalization， and S(Q，ω)/S(Q) are plotted 
in the figure. The resolution function obtained from a 
measurement of a polymethyl methacrylate is shown by 
a broken curve at the bottom. The spectra at 13.6 gcm-3 
have a c1ear side peak at around 10 meV at momentum 
transfer of 0.87 A -1. The spectra agree well with those 
reported by Hosokawa et al. [17]. The IXS spectra at 
9.0 gcm-3 have a single peak and the side peaks are 
not distinct from the central one. Note that the central 
peaks at 3.71 and 4.68 A -1 are much broader at the M-
NM transition at 9.0 gcm-3 than at ambient conditions， 
13.6 gcm-3. 
We analyzed the data in the framework of generalized 
hydrodynamics [18]. The spectra were modeled as the 
sum of Lorentzian at zero energy transfer， representing 
the thermal contribution， and a DHO [19] for the sound 
mode with the statistical occupation factor according to 
Eq. (1). This model has been used with great success in 
many experiments of liquids and was used previously for 
the analysis of liquid Hg [17，20]. We take 
r An f~ An 
S(Q，ω)/S(Q)口 B(ω)1.~寸」ーで+一五ーL1Tf。ω“十 fO 1TβR 
4ωQfQ l 
(1) 
(ω2 ll~)2 十 4ω2f~J
where B(ω)=βHω/[1 -exp(一βHω)]，β口 (kBT)-1
and ωQ 口 ~ll~ -f~. The param加 sAo and fo a記
the magnitude and the width of a quasielastic peak， while 
AQ' llQ， and f Q are the magnitude， energy， and width of 
the inelastic excitation. We optimized these parameters by 
convolving the model function with the measured reso-
lution function and fitting to the data， asshown in Fig. 1. 
Peaks in the DHO term are well separated at 13.6 g cm-3. 
On the other hand， the DHO term at 9.0 gcm-3 has a 
heavily damped profile even at low Q. This behavior 
suggests a much shorter lifetime of phonons at the M-
NM transition and may be related to the observed large 
ultrasonic sound absorption [15]. 
Figure 2 shows the Q dependence of the optimiz却edllQ
(squares) a叫t1日3.6and 9.0 g cαm口白-白白-血血白寸白-血町白-崎白命@
veloci江ty(dashト畑dottedlines) obtained by the ultrasonic 
me伺as叩ur陀ement臼s[σ7，8]. Also shown are the normalized sec-
ond frequency moment ωs(Q) (broken curves) and dotted 
lines with a slope of 1700 ms-1 at 13.6 gcm-3 and 
1500 ms-1 at 9.0 gcm-3， respectively. 
wherem and γare the mass of a Hg atom and the specific 
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comes large with volume expansion and has a strong 
maximum at the M -NM transition. With further volume 
expansion to the insulating state， the deviation becomes 
small. Thus， the large positive dispersion， orfast sound， is
observed only in a close vicinity of the M-NM transition. 
We consider the microscopic dynamics at the M -NM 
transition. Xωray diffraction experiments suggest that the 
average number of nearest neighbors within the first co-
ordination shell around an atom is reduced with volume 
expansion， while the nearest neighbor distance remains 
unchanged [11，13]. When the coordination number de叩
creases， a change of a single particle motion is expected. 
1n ambient conditions， the line shape of S(Q，ω) at high Q 
is similar to a Lorentzian function， which suggests that 
diffusive motion is dominant in the liquid. With decreas-
ing density， the line shape at high Q broadens， as seen in 
Fig. 1. To investigate this effect， we carried out fits in the 
high 'Q region (4.68 A -1) using a pseudo拍 igtfunction， 
which is a weighted combination of Lorentzian and 
Gaussian curves [22]. The optimized Gaussian fraction 
CG at 4.68 A -1 was about 0.5 at ambient conditions. 
However， the CG became 0.8 at the M-NM transition at 
9.0 gcm-3. This suggests that at 9.0 gcm-3 a free parti-
cle motion is dominant over short (less than interatomic) 
distances. We note that the value of γof 1.6 estimated 
from the present data seems consistent with this result， 
being close to the value of a monatomic ideal gas， 
γ= 5/3. 
We discuss the fast sound observed at the M -NM 
transition. The adiabatic compressibility， Xs' is calculated 
from sound velocity by Xs = (pv';)一1.The f:白aω制Sはt-s叩oun
velocity suggests t出ha剖tthe microscopic X si臼smuch smaller 
than the macroscopic one， which means that the mean 
square fluctuations of microscopic pressure， (d.p)2)α 
X;I， are very large. The enhancement of microscopic 
(d.p )2) can be caused by a local deformation of a pair 
potential，φ(r)， especially its repulsive part， as shown by 
the pressure equation， 
LETTERS 
pendence of γand searched a proper value as a free fit 
parameter. By taking γ口1.1at 13.6 gcm-3 and γ= 1.6 
at 9.0 gcm-3， the curves of ωAQ) agree reasonably with 
the optimized !1Q up to 4.0 A -1， and they seem to be 
extrapolated towards the dotted lines at low Q where 
reliable S(Q) was not experimentally obtained. 
As seen in Fig. 2， at13.6 g cm-3 !1Q at low Q disperses 
faster than expected from the sound velocity and agrees 
with the dotted line of 1700 m S-I. The amount of devia-
tion is about 17%， in good agreement with previous work 
[17]. At 9.0 gcm-3， the positive deviation is much more 
pronounced and the effective velocity， vAQ) = !1Q/Q， is
estimated to be 150::!: 200 m s -1， which is triple the 
ultrasonic sound velocity [7，8]. 1n the curve fitting with 
the DHO model shown in Fig. 1， the X2 per degrees of 
freedom for fast sound took values from 1.1 to 1.2 at Q 
from 0.35 to 0.43 A -1， while that at Q lower than 
0.28 A -1 had slightly worse values. Attempts to fit the 
data from 0.2 to 0.43 A -1 with the ultrasonic velocity 
lead to unsuitable increases in the X2 by a factor of 1.4 on 
average. The peak position in the current-current corre-
lation function deduced from the optimized model func白
tion also indicates that the effective velocity is about 
3 times the ultrasonic value. We plot the effective velocity 
estimated at 0.2-0.43 A -1 as a function of p in Fig. 3 
together with the sound velocity measured by ultrasonic 
spectroscopy [7]. The effective velocity of dense Hg vapor 
from 1.0 to 3.0 g cm-3 is taken from a previous paper 
[21]. 1n the metallic region， the positive deviation be-


























FIG. 3. Density dependence of sound velocity taken from the 
data at low Q (0.2-0.43 A -1). The dashed line is the ultrasonic 
sound velocity from [7]， while the three lowest points 
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FIG. 2. Excitation energy，。宅 (squares)as a function of Q at 
densities of 13.6 and 9.0 g cm -j. Dash -dotted lines correspond 
to ultrasonic sound velocity [7，8]. Also shown are the normal-
ized second frequency moment，ωs (broken curves)， and dotted 
lines with a slope of 1700 m S-1 at 13.6 g cm-3 and 1500 m S-1 
at 9.0 g cm -3， respectively. The static structure factor， S(Q) 
[13] (thin solid curves)， the integrated intensity of S(Q，ω) 
(closed circles)， normalized by the square of the atomic form 
factor and polarization factor， and S(O) (open circles) calclト
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p = nkBT -(n2/6) J刷砂川r)dr， (3) 
where n isa number density and g(r) is a pair distribution 
function. We expect such a deformation in a pair potential 
being pronounced at the M-NM transition， due to the 
large fluctuations of local electronic states between me-
tallic and insulating ones. A sign of fluctuations at the M同
NM transition may be found in the present data such as 
the narrowing of S(Q，ω) at 0.24 A -1 at 9.0 gcm-3 com特
pared with at ambient conditions， and the rapid increase 
of S(Q) at low Q with Q → O. Thus the appearance of the 
fast sound strongly hints that the M同NMtransition ac-
companies intrinsic fluctuations induced by the local 
deformation of a pair potential. We speculate that pressure 
fluctuations in microscopic space and time where the fast-
sound waves exist are averaged and smoothed out as the 
thermodynamic limit is approached. 
Finally we comment on the discrepancy between our 
microscopic γestimated from the measured dispersion 
and Eq. (2)， and the macroscopic thermodynamic value. 
Levin and Schmutzler [23] measured C p for expanded 
fluid Hg from 12.4 to 8.8 gcm-3 and deduced Cv using 
PVT data and a thermodynamic relation. The γcalculated 
from their data is 1.2 at12.4 g cm -3 and 3.6 at 9.0 g cm -3. 
Alternatively， using sound velocity， PVT data， and the 
relation，γ= XT/ Xs' where XT is the isothermal com.幽
pressibility， results similar to those by Levin and 
Schmutzler were reported [24，25]. While our value of γ 
agrees with the thermodynamically determined ones near 
ambient conditions， we see a much smaller value at low 
densities near the M -NM transition. We speculate that 
this results from the microscopic character of the IXS 
measurements， which probe both small volumes and high 
frequencies， and represents the essence of the M -NM 
transition. Microscopically observed Xs is small， so the 
fact thatγis small means XT must be small， which means 
that the microscopic mean square fluctuations of a parti-
c1e number， (ムN)2)αXT，are small. In contrast， the 
thermodynamic measurements appear providing the re-
sults commonly observed that for low densities approach-
ing the critical point γdiverges as the macroscopic 
(ムN)2)becomes large. The characteristic nature of the 
fluctuation in the M司NMtransition is that the micro町
scopic (ムP)2) is large and (d，.N)2) is small. 
In summary， we have measured the dynamic structure 
factor of expanded fluid Hg up to the M -NM transition 
region. While damping of the c 
097801司4
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We have carried out small angle x-ray scattering experiments of expanded fiuid Hg in the metal凶
nonmetal (M-NM) transition region around 9.0 g cm -3. Increase of small angle scattering intensity 
following the Ornstein-Zernike equation is c1early observed in the M闇NMtransition region as well as near 
the liquid-vapor critical point at 5.8 g cm.口1一→'司司同可-司司叩句-回句司守
i加nthe M-NM transition region as in the c口ri江ti詑ca討1region. The enhancement of R in expanded fiuid Hg 
suggests a new type of fiuctuations refiecting a first-order r.ιN恥1transition. 
DOI: 10.1 103/PhysRevLett.98. 1 85504 
More than half a century ago， Landau and Zeldovich [1] 
pointed out that fluid Hg is a probable candidate that 
undergoes a “first-order" metal-nonmetal (M-NM) transi-
tion with volume expansion besides the M-NM transition 
on evaporation. Theoretical investigations on metallic flu-
ids have actually reported that the volume dependence of 
free energy indicates the first“order M-NM transition [2，3]. 
However， there has been so far no experimental evidence 
of the first-order M-NM transition. ln fact， the first indic仕
tion of the乱1-NMtransition in expanded fluid Hg was 
electric conductivity data by Hensel and Frank [4]， which 
showed a gradual decrease of the conductivity in the 
transition. Many experimental results [5] suggest that fluid 
Hg transforms to a nonmeta1ic state continuously with 
decreasing density， p， from 13.6 g cm -3 at the ambient 
conditions to 9 g cm -3 near the critical point (the critical 
temperature， pressure， and density of Hg are Tc = 1751 K， 
Pc = 1673 bar，ρc = 5.8 gcm-3， respectively [6]). Strong 
thermal agitation at high temperature has been believed to 
obscure discontinuous nature in the first-order transition. 
Thus the prediction by Landau and Zeldovich has been left 
without further investigations. 
Recent technical developments have made accurate 
structural studies under extreme conditions at high tem-
perature and high pressure possible. lnelastic x-ray scat-
tering (IXS) technique has been used to study dynamics of 
expanded fluid Hg and an anomaly has been observed that 
the dynamical sound velocity at low momentum transfer 
from 0.2 to 0.4 A -1 is triple as fast as the adiabatic sound 
velocity in the c10se vicinity of the M-NM transition at 
9 gcm-3 [7]. Now small angle X-ray scattering (SAXS) 
intensity has increased c1early in the M-NM transition in 
expanded百uidHg. These experimental facts as well as 
local structure obtained from wide-angle x-ray scattering 
(WAXS) measurements [8，9] indicate that the M-NM tran-
sition in expanded fluid Hg is strongly correlated with 
fluctuations and structural instability. It is quite timely to 
0031-9007/07/98(18)/185504(4) 
PACS numbers: 61.1O.Eq， 61.25.恥1v，62.50.+p， 64.60.Fr 
reconsider the Landau-Zeldovich's prediction to under-
stand the real mechanism of the M側NMtransition in ex-
panded fluid Hg. 
The experiments were carried out on the high-energy 
x-ray diffraction beam line (BL04B2) at SPring-8 in Japan. 
The details ofthe beam line are given in the literature [10]. 
For SAXS measurements at high temperature and high 
pressure， 38 keV (λ= 0.329 A) x rays monochromatized 
using flat Si(1 1 1) surface were incident on the sample and 
the scattered x rays were detected with an imaging plate of 
300 X 300 mm2 located at 2.9 m from the sample position. 
The accessible Q is from 0.04 to 0.4 A -1， where Q， the 
modulus of the scattering vector， is411" sin8/λ， and 28 is 
the scattering angle. A vacuum path was mounted between 
the sample stage and the imaging plate to reduce the 
background from the air. The imaging plate was exposed 
for 20 minutes per pattern. To make absorption corrections， 
the intensity of the transmitted x ray was monitored using 
an ionization chamber before and after each SAXS mea-
surement. We estimated p of the fluid sample using the 
transmission data. 
The Hg sample of 99.999% purity and 100μm thick-
ness was loaded in a sapphire cell [11]. No parasitic 
scattering was observed from the cell even at high tem-
perature. He gas of 99.9999% purity was used as a pressur-
izing medium. The high-pressure vessel， which can be 
operated up to 2000 K and 2000 bar， had diamond windows 
of 6 mm diameter and 2.5 mm thickness for scattered x rays 
and 3 mm diameter and 2 mm thickness for an incident 
beam. Using synthetic diamond of the highest quality， the 
background from the windows was much reduced com-
pared to the previous high-pressure vessel with a Be win-
dow [12]. We measured SAXS spectra for expanded fluid 
Hg at 1750，1800， and 1930 bar at temperatures from 1273 
to 1860 K. The backgrounds were measured at the same 
pressures and temperatures. By comparing the observed 
SAXS spectra of He gas with the calculated one， we could 
185504-1 。2007The American Physical Society 
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determine a scaling factor of the absolute scattering inten叩
sity and deduce the structure factor， 8(Q)， of ftuid Hg [12]. 
Several 8(Q)'s of ftuid Hg in the M“NM transition 
region at 1930 bar are shown in Fig. 1. 8(Q) has no small 
angle scattering from 13.6 gcm-3 at the ambient condi-
tions to 11.4 g cm -3， where the electronic property of ftuid 
Hg is known to be metallic. With decreasing p， 8(Q) at 
small Q starts to increase around 10 g cm -3. It becomes 
gradually large when the M-NM transition is approached. 
Clear increase at small Q was observed in 8(Q) around 
9.0 gcm-3 in the M-NM transition. 
With further volume expansion， the critical opalescence 
was observed near PC' We analyzed the spectra using 
Orns tein -Zernike equati on [13]. 
8(Q) = 8(0)/(1 + g2Q2)， (1) 
where g isthe correlation length of a density日uctuation，
and 8(0) corresponds to ftuctuations in a particle number 
(ムN)2)/(N)，whereムN口 N-(N) and <> denotes the 
average. The inset in Fig. 1 shows Ornstein-Zernike plots 
of 8(Q) at 6.3 and 9.1 gcm-3. The spec佐asatisfy the 
scattering law of Eq. (l) in the M-NM transition region 
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FIG. 1. Selected structure factor S(Q) in the M-NM transition 
region of ftuid Hg at densities from 11.4 to 5.7 g cm -3 at 
1930 bar. The successive spectra are displaced by 0.5 for clarity. 
The inset shows OrnsteIIトZerr此eplots of S(Q) at 6.3 and 
9.1 gcm-3. 
We carried out least-square fits for the Ornstein悶Zernike
plots from 0.04 to 0.15 A -1 using Eq. (l). The optimized 
parameters， 8(0) and g， are shown as a function of P in 
Fig. 2. The 8(0) and g at1750 bar take a maximum at 
6.2 gcm-3 around PC' With increasing pressure the maxi-
mum become small. This is a self制evidentfact that the cri-
tical scattering becomes weak when the critical point is re-
mote. Note that the maximum positions shift towards 
larger P with increasing pressure and the shift is more re同
markable in g than 8(0). It should be noticed that 8(0) and 
g do not depend on pressure at al in 8く pく 10gcm-3. 
This behavior isin contrast to that in molecular ftuids such 
as water and carbon dioxides. In molecular ftuids plots of 
8(0) and g asa function of P are almost symmetrical with 
respect to PC [14]. 
We estimate microscopic ftuctuations in the M-NM 
transition quantitatively. (N) in the sphere of g inradius 
is about 100 and (~N) is about 17， deduced from g = 10 A 
and 8(0) = 3 at9 g cm-3. An estimation indicates that p in 
the sphere is ftuctuating from 7.5 to 10.5 gcm-3. Kresse 
and Hafner [15] pointed out from their first-principles 
molecular dynamics simulation that 6s and 6 p bands 
open at 8.8 gcm-3. Experimental results of a cluster 
beam for Hg reported by Rademann et al. [16] revealed 
that an isolated Hg20 cluster has a sign of metal. Then ag-
gregate of about a hundred atoms is enough to be a real 
metal. These facts suggest that the electronic property in 
the sphere is ftuctuating between metallic and nonmetallic 
ones in the M-NM transition. On the other hand， the same 
estimation indicates that p in the sphere is ftuctuating 
from 5.2 to 7.3 gcm-3 at Pe' suggesting that it remains 
insulating. 
To obtain further information on the ftuctuations in the 
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FIG. 2. The optimized ftuctuations in a particle number S(O) 
(upper panel) and the correlation length t (lower panel) at 
1750 bar (0)， 1800 bar (口)， and 1930 bar (ム).
185504ω2 
32 
PRL 98， 185504 (2007) PHYSICAL REVIEW LETTERS 
week ending 
4MAY 2007 
length， R [ =ご/JS碗[13]. R is related to the second 
moment of the Ornstein同Zemikedirect correlation func-
tion， c{r)， asR = J=万五， where n isnumber density and 
α， the coefficient of Q2， inthe expansion of c{Q)， the 
Fourier transform of c(r). Here c(Q) is related to S(Q) 
by 1 -nc(Q) = S(Q)-l. Figure 3 shows R as a function of 
reduced density P/ PC' S(O) and c inftuid Hg depend on 
pressure clearly as shown in Fig. 2 but R hardly depends on 
it. In general， P dependence of R is moderate in molecular 
台uids，as an example of supercritical water [17，18] in 
Fig. 3. Near Pc' R in the supercritical water is close to 
the nearest intermolecular (0-0) distance. Similarly R in 
expanded ftuid Hg corresponds to the nearest neighbor 
distance as seen in the pair distribution function， g(r)， at
Pc [8，9]. These facts are consistent with the central as-
sumption by Omstein-Zernike that c(r) is strictly short 
ranged at the critical point [13] and suggest that the primi-
tive length describing the divergence of c isthe nearest 
neighbor distance in the ftuids. However， with increasing 
density， R in expanded ftuid Hg increases gradually and 
shows a maximum in the M同NMtransition region around 
9 g cm -3. The maximum value corresponds to the second 
peak position in g(r). 
The anomaly in R arises from the fact that S(O) and c in
P > P c have pressure dependence completely different 
from those in molecular ftuids as seen in Fig. 2. Thanks 
to the careful studies of the pressure dependence of SAXS 
in the wide density region， we could show the origin of 
SAXS in 8く pく 10g cm -3 different from the critical 
scattering around 5.8 g cm -3. The present results indicate 
that the SAXS observed in 8く pく 10gcm-3 is closely 
connected with the M-NM transition. The ftuctuation in the 
M-NM transition region does not vary with pressure and 
the distinct SAXS is characterized by the small values of 
S(O) of about 3 and c ofabout 10 A. We carefully inves-
P [g cm同3]of Hg 
510 
o 1750 bar 
ム 1930bar 
十 Moritaet al 











FIG. 3. The short-range correlation length R as a function of 
reduced density， p /ρc. 0 andムdenotedata from SAXS at 1750 
and 1930 bar， respectively. Also shown are R of supercritical 
water at constant temperature at 663 K (+) [17] and at constant 
pressure at 400 bar (・)[18]. 
tigated S{O) values from SAXS and the thermodynamic 
rule and conc1uded that they are consistent with each other 
within their experimental accuracy. In addition， the profile 
of SAXS spectra in the M-NM transition follows the 
Ornstein-Zemike scattering law. These resu1ts suggest 
that the ionic structure and the isothermal compressibility 
are determined self-consistently with the ftuctuations in the 
M司NMtransition. 
R isa crucial parameter because it is related to the ther同
modynamic stability of ftuids. For an inhomogeneous ftuid 
where the local number density of partic1es， n{r)， exhibits 
slow spatial variation， the deviation in the free energy，δF， 
as a function of δn(r) may be expressed by [13]， 
δF = J dr{aoon 
where -α = R2 / n and kB the Bo1tzmann constant.αo is a 
constant depending on thermodynamic states.一α>0
means the increase of free energy with increasing spatial 
variations in δn(r) and a large magnitude of -αco町b
sponding to large R acts as promoting phase separation. 
Kitamura [3] investigated the M-NM transition in ex-
panded ftuid Hg by varying一αandreported that the M-
NM transition behaves like a firstωorder phase transition 
when -αis large. The resu1t shown in Fig. 3 gives the 
experimental evidence. 
The origin of large R in the M悶NMtransition must be 
related to the variation of electronic properties in domains 
induced by the ftuctuations. Although SAXS does not 
observe the electronic properties in expanded ftuid Hg， 
the effective pair potential， cp(r)， deduced from S(Q) by 
WAXS and SAXS measurements may give the information 
on the electronic properties. We estimated ψ(r) by means 
of the inverse method proposed by Reatto et al. [19] based 
on the modified hypemetted chain approximation [20]. We 
iterated a Monte Carlo simulation using 3375 or 4096 
partic1es varying ψ(r) until the experimental and simulated 
g(r)'s agree with each other. Figure 4 shows ψ(r) obtained 
at several densities. In the vapor phase (pく 5.7gcm-3)， 













O 5 10 
r [A] 
FIG. 4. The effective pair potentialψ(r) at densities indicated 
in the figure deduced from S(Q) obtained experimentally. Each 
ψ(r) is shifted by 0.25 eV for clarity. 
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FIG. 5. The normalized second and fourth frequency moments， 
ω。(Q)and ωL (Q)， calculated from S(Q) and the ψ(r) at 
9 gcm-3， respectively. Also shown are the excitation energy 
obtained from IXS and the adiabatic sound velocity by squares 
and a broken line， respectively. 
cp(r) has a profile like a Lennard-Jones potential as re-
ported by Munejiri et al. [21]. With increasing p， the 
minimum at 3.2 A in the vapor phase becomes shallow 
and changes to a repl:lsive soft core while there appears a 
broad minimum at 5 A in the M -NM transition at 9 g cm -3 . 
cp (r) in the metallic state in liquid Hg at the ambient 
conditions is much different from that in the expanded 
states but it seems consistent with a reported one which 
has a purely repulsive profile [22]. These results indicate 
that the variation of the attractive part in ψ(r) is c10sely 
correlated with p dependence of R. 
When the phase separation of metallic and insulating 
domains occurs as indicated by large R in the M -NM 
transition region， the lifetime of the domains is expected 
to be long. To estimate the lifetime we examined the fast 
sound in the M羽Mtransition [7]. When cp(r) is known one 
can calculate the normalized fourth frequency moment， 
ωL(Q). By taking the approximation in the review artic1e 
[23]， we obtained the Einstein frequency of 8.8 meV from 
d2ψ(r)/ dr2 and ωL (Q) as shown in Fig. 5. As c1early seen 
in the figure the excitation energy of the fast sound dis-
perses as fast asωL (Q) at small Q. This fact suggests that 
the fast sound in the M-NM transition is regarded as the 
high-frequency sound speed defined in the viscoelastic 
theory [24] which should appear when the condition in 
the simple Debye approximation，ωγ>> 1， issatisfied， 
where ωis the angular frequency of the collective mode 
and T the relaxation time. The estimation from the excita司
tion energy at 0.2 A -}in Fig. 5 allows T much longer than 
0.8 ps. Since the relaxation process of the high-frequency 
sound mode is strongly correlated with the persistency of 
the domains， the lifetime of domains is considered to be 
equivalent with T and must be much longer than 1 ps. 
In conc1usion， the enhancement of SAXS intensity in the 
M-NM transition in expanded ftuid Hg is strongly related 
to a new style of ftuctuations between metallic and non-
metallic domains. Large R in the M-NM transition ob-
tained from the present SAXS data must be a first 
evidence of the first-order M-NM transition while thermo-
dynamically the discontinuous change in the first叩order
transition is disrupted by strong thermal agitation. These 
resu1ts c1arify a real picture of the first -order ~ιNM tran-
sition in ftuid Hg predicted by Landau and Zeldovich [1]. 
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るO 実際に、電気伝導度 [4]、熱電能 [5]、ホール係数 [6]等の測定結果は、融点近傍のア
ルカリ金属液体では自由電子近似が成り立つことを支持するo 1961年に Ziman[7]によっ
て金属液体の電気抵抗の理論に関する定式化が発表され、定性的および定量的な現象の説











が、 Edwardsらの Green関数を用いた摂動理論 [8]の成功などにより、それらの期待値
の熱平衡平均を、固有状態の個々の知見によらずに得る理論的道筋が確立されている O 理
論計算により得られた融点近傍の金属液体の平均状態密度は、自由電子近似により得られ


















定数を示す [3]。軽元素になるにつれて臨界温度、圧力ともに大きくなる O なお、リチウ
ムのデータは実験データからの外挿値である O 代表的な金属流体である水銀の臨界定数




Table.l.l Critical constants of alkali metals[3]. 
Metal Tc (CO) Pc (bar) Pc (g/cm3) 
Rubidium 1744 124.5 0.29 
Cesium 1651 92.5 0.38 
Potassium 1905 148 0.18 
Sodium 2210 248 0.30 
Lithium 3000 690 0.11 
1.3.2 電子的性質(電気伝導度)
液体ー気体共存線に沿って温度と圧力を制御し、アルカリ金属流体を連続的に膨張させ
ていくと、臨界点近傍における流体密度は、融点付近の密度の 1/5にも低下する O 融点近
傍から臨界点近傍に至る広範な温度庄力条件で、流体ルピジウム、流体セシウムの電気伝
導度が測定されているoFig. 1. 2 ( a)には、 Franzらによる流体ルピジウムの電気伝導度
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Fig.1.2 (a) Experimental results of the electrical conductivity，σ， asa function 
ofp間 ssureぅPうandtemperature T for fluid rubidium， (b) Electrical conductivity， 
σ， versus reduced density， p/ρc， for a constant s叩 ercriticaltemperature T /Tc = 
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Fig.1.3 (a) Measured and calculated electrical conductivity of liquid rubidium 
(after Gonzalez[10])， and (b) cesium (after Winter[12]) as a function of density. 
実測値と計算値の差が大きくなり始めることがわかる o 1.1 g cm-3という密度は、臨界
密度 (0.29g cm-3)のおよそ 3.5倍程度に対応するo Fig. 1.3 (b )には、 Winterらにより
報告された流体セシウムに関する同様な計算結果を示す [12]0 流体密度が1.3g cm-3付
近から実測値と計算値の差が大きくなり始める O セシウムの臨界密度は 0.38g cm-3で





ある o Fig. 1.4には、 Jungstら[13]により報告された流体ルピジウム及びセシウムの気
液共存線上の密度測定結果を示す。通常、アルゴンなどのファン・デル・ワールス流体で
は、液体同気体の密度をそれぞれρt、ρgとすると、 (ρl+ρg)/2= pαりが温度に対し直線的
な依存性を示す、いわゆる直線径 (thelaw of the rectilinear diameter)の法則が成り立
つO ところが、金属流体ではこの法則が成り立たず、臨界点に近づくにつれて直線からの
偏差が生じることが明らかにされている O 実際に Fig.1.4(a)(b)に示されたセシウム、ル
ピジウムにおけるんむの温度依存性をみると、臨界温度付近で直線からの偏差を示してい
43 





















Fig.l.4 (a) Liquid由vaporcoexistence curve of Cs and (b) liquid-vapor coexis-








二 γvT-Pi = (仇T一(芸)T (1.2) 
























前者は粒子間相互作用における斥力部分を、後者は引力部分を反映する o Fig. 1.5( a) 
































Fig.1.5 (a) Thermal pressure coefficientγv of Rb and Cs versus molar vol-
ume[17]. (b) Comparison of experimental internal pressures of Rb and Cs with 
those calculated with the pseudo potential approach[18]. 
Fig. 1.5(b)における実線は、 NFE理論に基づいた計算結果である O 点線が実験的に得
られたPiであるが、 Piの(djdc)2に対する依存性をみると、ルピジウムでは (djdc)2 r-v 7、





1.3 低密度アルカリ金属液体の諸性質 9 
なることを示す。この密度領域は、前述した電気伝導度が Ziman理論からずれを生じ始
める領域 (dr-.J 3dc)とも定性的に符合している O
1.3.4 磁気的性質
アルカリ金属流体は、密度低下に伴いその磁気的性質も大きく変化することが見出され
ている o 1980年に Freylandにより、流体ルピジウム及び流体セシウムを対象として、帯
























200 60000o 140 
T [OC] 
1800 
Fig.1.6 Magnetic susceptibility，χg， of expanded liquid cesium and rubidium 






セシウム共に密度のでほぼ一定であるが、 9000C以上では増大に転じる O ルピジウム、
していることが特徴である O 帯磁率が増大し始める温度に対低い領域で帯磁率の増大を
セシウムで1.3g cm-3であり、電気応する密度は、それぞれルピジウムで 1.1g cm-3、
伝導度が、 NFEに基づく Ziman公式から偏差を示し始める密度領域と一致している O
Fig. 1.7には、流体セシウムの常磁性体積帯磁率の密度依存性を示す [21]0データは、




この増大は、いわゆるパウリ常磁性帯磁率 (γpαuli= 2μβN(EF ))よりも1.8倍大きい。
Stoner enhancement [2]と呼ばれ、電子関の交換相関効果に起因する O 常磁性帯磁率は
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Fig .1. 7 Electronicぅparamagneticsusceptibility of liquid cesium (derived from 
data of Freylandぅ1979[20]) as a function of fluid density. (after Warren [21]) 
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Fig.l.8 Composition of Rb versus density along liquid晴gascoexistence curve. 
Shown is the fraction of free electrons (continuous line) and of electrons localized 
in atoms (broken lir吋， molecular ions (short broken line)ぅ anddimers (short 





ズマ模型に基づくもので、 Rb十、 RbJ、Rb、Rb2や Cs+、CsJ、Cs、CS2などの化学種
(Chemical Species)を仮定することにより、流体中におけるそれらの存在比率と磁気的


























350 Kにおける1.46g cm-3より 2000Kにおける 0.51g cm-3である O 融点近傍の
49 



























4 3 r、t 
。CF-1) 一一一'
Fig.1.9 (a) Structure factor and (b) pair distribution function of expanded fl凶d
rubidium. [1] 
1.46 g cm-3では、 Q=1.52A-1に第一ピークがあり、温度上昇に伴い密度が低下する
ピーク幅はブロードになる O 臨界点に近づくにつ
れ低波数側の S(Q)が増大し、流体中の密度ゆらぎの増大を示している O 二体分布関数
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Fig.1.10 Density dependence of the nearest neighbor distance and the coordi-
nation number of expanded fiuid rubidium. [1] 
しかしながら、試料容器の材質としてサファイアを用いており、高温領域では試料と反応





されている o Fig. 1.11には、流体ルピジウムの動的構造因子および縦流速密度相関関数
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Fig.1.11 Dynamic structure factor (at the momentum transfer of 1.0 A -1) and 
longitudinal current correlation function (at the momentum transfer of 1.3 A -1 ) 
of expanded fl.uid rubidium. [32] 
Hoshinoら[33ぅ34]、Matsudaら[35]は、 MHNC (Modified-Hypernetted-chain)近似
を用いた液体の積分方程式理論により、アルカリ金属流体の膨張に伴うミクロ構造の変
化について報告している o Fig. 1.12には、計算により得られたアルカリ金属液体 (Na，
Kう Rbう Cs)の最近接原子間距離及び、配位数を示す。計算結果は、 Franzら [1]や、
Winter[12]らの中性子回折実験により得られた局所構造の変化とほぼ同様の挙動(最近接
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Fig.1.12 (a) The position ofthe first peaks ofthe pair correlation functions g(R)う
calculated in the MHNC approximation， ofseveral expanded alkali metals as a 
function of density d scaled with dr叩 atthe melting temperature. (b) The density 
dependence of the coordination number of several alkali metalsうcalculatedin the 
MHNC a卯 roximation.(after Hoshino [34]) 
以上述べてきたように、観測された静的な構造変化、及び、計算によって得られた静的















ここで Piはi番目の電子の運動量、 m は電子の質量、 eは電子の素電荷、 ri、ri'は、 i
番目、 Y番目の電子の位置を表す。また、 IIe-bは電子ガスと正電荷との相互作用エネル
ギー 、 ρb-bは正電荷と正電荷の相互作用エネルギーを表す。相互作用部分を q空間で表
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????? ???? ???〈? (1. 7) 
ここで合qは、電子密度演算子台q= l:~l e-附を表し、片は合q=Oである。この表












電子についての Wigner-Seitz球の半径を Bohr半径 αBで規格化した値として以下の式
のように定義される O
rs = (ネ)二五1 (1.8) 
ここで、 nは電子密度である O 九パラメータは電子聞の平均距離を表す。電子ガスに
おける平均の運動エネルギーは1/γ?に比例し、相互作用エネルギーは1/γsに比例する O
従って平均の運動エネルギーに対する相互作用エネルギーの比がらに比例することにな
るO 従って九の値は、電子ガスにおける相互作用の強さの指標となる O 電子密度の低密
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Fig.1.13 Ts dependence of the ground state of electron gas. The question mark 




へと電子ガスの基底状態は移り変わっていく O ウイグナー結晶に至る以前に、超伝導 [39]
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識となっており、圧縮率が負に転ずるらの値は 4rv6の範囲をとる [48]0 Fig. 1.14は、
圧縮率 κの逆数、すなわち体積弾性率を九パラメータに対してプロットしたものである
[38]0その値は、電子関に相互作用がないとした場合の圧縮率 κFの値で規格化されてい
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Fig .1.14 Inverse compressibility of electron gas (1/κ) compared to that of the 
non-interacting electron gas (1/κF). The values calculated with three theories， 
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測定用だけでなく、電気伝導度測定 [4]や状態方程式 (equationof state) [5]の測定用の試
料セルとしても用いられており [4]、高溢でもアルカリ金属との反応性の低い材料として
の実績を有する O 試料セルは、透過型の散乱実験に対応した構造をとり、 Fig.2.1(a)に
示すように、外筒 (outerpipe) [外径4mm内径3mm図中 (1)ト内筒 (innerpipe) [外
径 3mm内径1.5mm図中 (2)]、試料j留め (reservoir)[図中 (3)]、試料スベーサ (sample
spacer) [図中(4)]、二つのディスク (Modisks) [(5)， (6)]の六つの部品よりなる O 二つ



















(2) inner pipe 
saryJple space 
_. -一二 Xィay
(4) spacer ('C二shapering) 
single crystalline Mo disk 
1mm 
Fig.2.1 The construction of a sample cell made of molybdenum， (b) the enlarge由




30 第 2章 X線回折・散乱用試料容器
2.2.2 単結品モリブデンを利用した X線窓の作製
流体試料からのブロードな散乱X線を精度よく観測する上で、試料容器からの散乱は
可能な限り低減することが望まれる o 3章にて後述するように、本研究で実施する X線回
折実験はエネルギ一分散型であり、入射X線は白色X線である O 従って X線透過窓、に多
結晶を用いた場合、広範な波長領域にわたり Bragg条件が満たされる結果、回折スペク
トルに大きなバックグランドノイズが形成される O 従って単結晶の利用は必須となる O し
かし、単結晶を用いたとしても Bragg条件が満たされる特定の波長は存在するため、こ
れらのスポットが検出器に入った場合には、大きなピークとして観測され、流体からの散









(111)より離れた位置に存在する O 従って (123)面を X線透過窓の面として採用した場
合、入射X線は (100)、(110)、(111)面のいずれに対しても比較的高角度 (2()三19.10) を
なして入射することになる O 仮にいずれかの低指数面に対して入射X線が低角で入射す
るような状況になると、消滅則によりピークとして現れない指数はあるものの、回折ピー
クが測定エルギ一範囲 (20r-v 130 ke V)内に現れる可能性が高くなる O 例えばモリブデン
の (110)面の 2()= 40 における Bragg条件は 82keVで満たされ、このエネルギーは散乱
波数で 3A-lに相当する O 従って、試料からの回折スベクトルを乱すことになる O 融点
近傍の液体ルピジウムの構造因子は、およそ散乱波数8A-lまでで、ほぼその振動は減








まで薄くし、その後、電解研磨することにより 40μmまで薄膜化する O この領域にまで
薄膜化すると、加工工程におけるディスクの取り扱い時に、歪みが容易に導入されるとい
う問題がある O 結晶中の歪みはラウエ斑点をブロードにし、結果として回折スベクトル中











み十分に接触させる O 電解電圧は 5V、電解時間は 3minで、行った。ステンレスリングか










t = 100μm 
(b) 
Electrolyte 十I~ (J 1 
DC power supply 
Stainless ring 
Molybdenum disk 
Stainless clip Stainless plate (cathode) 
Fig.2.2 (a) A stainless cover ring for electrolytic ecthi時 ofsingle crystalline 
molybdenum disk. (b )Schematic illustration of the experimental set-up for elec-
trolytic etching ofmolybdenum disk. The electrolyte is methanol-H2S04 (volume 
fraction 7:1) solution. 
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2.2 試料容器
Fig.2.3 A single crystalline Mo disk and a sample spacer with "C" shape. 
2.2.3 口ウ付け処理による試料セルの接合
各部品の接合は、高温ロウ材である RlトMo合金粉末を用いたロウ付け処理により実施
した [8]0ロウ材の合金組成比は 43wt.%RlトMoであり、 Mo四Ru合金の共品組成に対応





るO この状態で、高温真空炉で 20000C、5minの熱処理を行う O 真空度は 1X 10-5 Torr 





















Fig.2.4 (a) The first step of assembling the sample cel. The reservoir is screwed 
with the inner pipe and a small Mo pin is inserted into the hole at the right end 






Fig.2.5 The second step of assembling the sample cel. The brazing metal 
(43wt.%Ru・Moalloy powder) is 出ledinto the connected area. 
70 
2.2 試料容器 35 
(3) 
Mo disk Mo disk 
? ?
Fig.2.6 The third step of assembling the sample cel. Two Mo disks are set on 






Fig.2.7 The fourth step of assembling the sample cel. The brazing metal is 
filled into the contact area between the disk and the pipe. 
(a) (b) 
Fig.2.8 The photograph of an outer pipe (a) and an inner pipe (b) after molyb-








Fig.2.9 The fifth step of assembling the sample cel. A sample spacer is inserted 
into the outer pipe and they are screwed with each other. The photograph shows 
actual components made of molybdenum. 
に接触して止まるまでねじ込む。その後、 Fig.2.10に示すように、外筒と内筒のねじの
隙聞に 43wt.%RψMo合金ロウ材を塗布し、再度20000C、5minの熱処理を行う O なお
セルの接合部分に漏れがないことを確認するため、 (4)の工程後と、 (6)の工程後にヘリ
ウムリークデイテクターによる気密テストを行い、リークがないことを確認した。気密テ







Fig.2.10 The final step of assembling the sample cel. The inner and outer 
pipes are screwed with each other， and then the brazing metal is filled into the 
connected area. 
(a) (b) 
布団leftend of Mo cel 
(cutting plane) 
sample thickness 0.4 mm 
Fig.2.11 (a) A sample cell made of molybdenum (b) and a cross sectional view 
of the left end of the cel. 














真鈴製のフランジと真空ベルジャは、 O-ringによりシールされる O フランジには二つの
真空引き口を設け、片方にシリコンチューブを接続し、さらにセルと接続される o He gas 
側の V1、V2バルブ、ヘリウムリークデイテクター側の V4が閉じられた状態で、 Main
ValveとV3を開き、まずロータリーポンプで真空引き(粗引き)を行う O この際に、セ
ル側と真空ベルジャ側が同時に真空引きされる O その後、 V3を閉じ V4を開け、ヘリウ






Fig.2.12 Schematic illustration of the experimental set-up for the leakage test 









































印加する必要がある O 実際の導入方法の手順を述べる O あらかじめ試料セルの試料j留めに















Fig.2.13 (a) Schematic illustration of the experimental set-up for introducing 
liquid sample in the cel. Introduction of liquid sample was carried out in the 
glove box. (b)(c) The photograph of the actual experimental set-up installed in 
















X線装置は、研究室所有の X線発生装置 (RIGAKU社製)を用いた。 x線源は、回転対
陰極による Mo-Kα 線源である O 次にセルと密封容器をグローブボックスの中に入れる O
2.3.2節で述べたセルへの試料導入作業の終了後、グローブボックス内でこの密封容器の
上蓋を開け、セルをアルミステージにセットする O 上蓋を閉めた後、密封容器をグロープ







Center ring (NW4P) 
Molybdenum cel 
X四 ray ~ 
Nipple (NW40) 
Center ring (NW4P) 
Blank flange (トJW40)
Fig.2.14 Schematic illustration ofthe sealed container for checking the introduc-
tion of the sample in the cel. Whether the sample was introduced in the cell was 
checked by the change in x-ray transmission after the operation of introducing 
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度が低下する O 従って、高精度の X線回折スベクトルを得るためには、大型放射光施設に

















を用いる O エネルギー範囲は、 5keV以上である O 入射X線として、偏向電磁石から出て
くる最大 170keVの白色X線を用いた。強度が高くエネルギーの高い白色X線を用いる
ことによる大きな問題は、スリットなどで散乱された二次X線のために、実験ハッチ内の
バックグランドが極めて大きくなることである O これはデータ解析の際に問題となる O
-Optics hutch1--す Opticshutch 2-1 Optics hutch 3 
ズ己Pノ
Fluid sa.mple sli! 2 人¥/
TCslit 
White x-ray口口'1cx(O
ロ 口 、二ノ ¥ 
/ Scattered x ray / 
Incident slit / 
Hゆ pfesAumesselzzf
4 
Fig.3.1 Schematic diagram of optical set-up for energy四dispersivex-ray di百rac-
tion measurements in BL28B2. 
Fig.3.2 Apparatus in experimental hutch at BL28B2 in SPring田8.
従って、ビームラインの上流に位置する TCスリット(ThansportChannel Slit)を調




ピームは、さらに incidentslit (0.2 X 0.2 mm2)を通って後述する高圧容器のベリリウム
製の X線窓に導入する O 高圧容器内部の流体試料から散乱された X線は、二つのスリッ




Fig. 3.3には、測定に用いた内熱型の高圧容器を示す [1]01900 oc、200MPaまでの




図中 (b)右側の X線窓を通して入射した X線は、流体試料により散乱される O 散乱X
線は高圧容器の図中左側に設けた 7つのX線窓 (28= 40，70，11.50，150ぅ200う250ぅ330)よ
り取り出され、後方に設置された SSDにより検出される oX線窓、には、金属ベリリウム




透過X線は、ピームストッパー (Beamstopper)により遮蔽される O 高圧容器の外に取





Fig. 3.5は、試料容器周辺部の加熱機構について示したものである O 加熱方式は抵抗加
熱方式で、ヒーター (Mainheater)には 0.4mm径のタングステン線を用いた。モリブ
デン製の炉心管(図中 Molybdenumtube)にセル先端が挿入され、炉心管の外側にヒー
























Fig.3.3 (a) A side view of the high田pressurevessel for energy四dispersivex-ray 
di旺ractionmeasurements. (b) A top view of the high四pressurevessel with seven 













(a) し一一J (b) 
10mm 
Fig.3.4 Bridgrnan-type high-pressure seals for electrode (a) and for therrnocouple (b). 
























W-Re thermocouple 10 mm 
Fig.3.5 The construction of the Molybdenum cell and the heating elements of 









次に試料を溶解し、実際の測定に入る O まずコンプレッサーによって 1MPaまで昇圧
し、その後サブヒーターに通電して試料j留め部分を 800Cまで昇温した。この時、セル先
端の温度は 400C以上となり、先端部の試料も熱伝導により溶解する O 次にコンプレツ
サーにより目的の圧力までさらに昇圧する O その後メインヒーターに通電し、目的の温度
まで昇温する O このようにして、融点付近から臨界点を超える幅広い温度圧力条件にて X
線回折スベクトルの測定を行ったo Fig. 3.6には、ルピジウムの気液共存線と各測定点を
示す。 373K、1.0MPaから臨界点を迂回するように幅広い温度圧力条件でX線回折実


























O 2500 2000 1500 
Temperature (K) 
1000 500 
Fig.3.6 The liquid-vapor coexistence curve of fluid Rb and the measured condi-
tions (open circles). 
回折スペクトルを測定後、入射X線スペクトルの導出に必要な参照試料(石英ガラス)の
測定を行った。参照試料からの入射X線スペクトルの決定は、後節3.2.3のデータ解析に
て述べる o Fig. 3.7には、 X線回折実験より得られた強度スペクトルを示す。散乱角 2B
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1173 K 20.5 MPa 
973 K 20.0 MPa 
773 K 10.0 MPa 
573 K 5.0 MPa 
O 50 100 
Energy (keV) 
150 
Fig.3.7 Raw diffraction spectra at various conditions of temperatures and pres-





めには、種々の補正を行う必要がある O 主として、 (A)純粋Ge-SSDの検出スペクトルに
対するエスケープ補正、 (B)入射X線スベクトルの決定、 (C)ノTックグランド、コンプト
ン散乱の除去、および各種の吸収補正(ヘリウムガス、ベリリウム高圧窓、試料セル(モリ
ブデン)、試料(ルピジウム))である O 以下にデータ解析手順について述べる O このうち、




スケ一フプ。効果とは、検出器に入射した X線のエネルギーを E とすると、 Eにおける X線
強度ピークよりも、 Geの蛍光X線のエネルギー (EkαぅEks)に相当する分だけ低エネル
ギー E-EkαぅE-Eksのところにも小さな X線強度ピークが現れる現象である O さら
に、それらの組み合わせである E mEkα-nEksのエネルギーにもピークが現れる O エ
スケープ効果は、入射X線の一部により励起された GeがKα 線あるいは Ks特性蛍光
X線を出す際、検出器に再吸収されずに外部に逃避(エスケープ)してしまうことにより
生じる現象である O そのため、検出器からのパルス波高は、エスケープしたGeの特性蛍












Igjる2(2()ぅE)=ん(E). p. N.A(2() ぅ E) ・ (fs~ð2(Q)2 SSi02 (Q) 十 f~~~:(Q) + f1?02 (Q)) 
(3.1) 
ここで、Q= (4πsin ()j hc ) . E、Pは偏光因子、Nは散乱に寄与する原子数、A(2()うE)は石
英ガラスと高圧容器の散乱窓である Beによる吸収因子の積 (ASi02(2()ぅE).ABe(2()うE))
である O
SSi02 (Q)は石英ガラスの構造因子である o fs~ð2 (Q) 、 f;;zf(Q)、九~02(Q)はSi02
の原子散乱因子、コンブトン散乱因子、不規則系多元合金におけるコンプトン散乱以外
のincoherent散乱因子であり、以下のように求められる O それぞれの値は文献 [5]を参照
した。
fs~ð2 (Q) = (fS~h(Q) + 2faOh(Q))j3 (3.2) 
f~~~:(Q) = (f~~mp(Q) + 2f~omp(Q))j3 (3.3) 
f1?02 (Q) = (fS~h( Q)2十2faOh(Q)2)j3-fs~ð2(Q)2 (3.4) 









入射X線は 100%偏光している O よって偏光度II(E)= -1として偏光因子は、
Pニ cos22() (3.6) 
として解析を行った O 高圧容器の比較的広角の窓である 2()=19.80，-14.90う -24.80う


















下の (3.7)式のように表すことができる O 解析では、まず始めに、全散乱スベクトルから
ヘリウムガスの散乱と試料容器からの散乱を差しヲlくO
I~:tal(E ぅ 2()) = IRb(E， 2()+ IHe(Eぅ2() ICell(Eぅ2() (3.7) 
各項は、以下のように書ける O
IRb(Eぅ2()= C.lo(E).S.P.ARb(Eぅ2().ACell (Eう2()).ABe(Eう2()).AHe(E，2()
x [nRblRb(f五ず(Q)2SRb(Q)+ f誌，C(Q))J (3.8) 
IHe(Eぅ2()ニ C.lo(E).S.P.ARb(Eぅ2().ACell (Eぅ2()).ABe(Eぅ2()).AHe(Eぅ2()
x [nHelHe(fHeh(Q)2SHe(Q) fJi~(Q))J (3.9) 
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ピジウムの数密度、 lRbは試料厚みである O また、 f銭円Q)は、ルピジウムの原子散乱因
子、 fk1C(Q)はルピジウムのコンプトン散乱因子である o nHeはヘリウムの数密度、 lHe
は散乱に寄与するヘリウムガスの pathlengthである O なお、各吸収因子は、以下の通り
である O
ARb(E， 28)ニ exp(-μRb(E).l(28)Rb) 
AHe(Eぅ28)= exp(-μHe(E).l(28)He) 















C.lo(E).S.P.ARb(Eう28).ACell (Eう28).ABe(E，28).AHe(E， 28) 
xnRblRbf第九(Q)2SRb(Q)
+ C.lo(E).S.P.ARb(E， 28).Acel(E， 28).ABe(Eう28).AHe(E，28) 





















The crystal orientation is not 





The crystal orientation normal 
to the X-ray windows is <123> 
O 100 150 50 
Energy (keV) 
Fig.3.9 Comparison between two di百ractionspectra from fluid Rb contained in 
different cels. The upper spectrum is that from fluid Rb and the cell with its 
crystal orientation of the windows is not controlled and is in arbitrary direction. 
The lower spectrum is that from fluid Rb and the cell with its crystal orientation 
< 123 > set normal to the surface of the windows. 
ディスク面に対する結品方位の制御の重要性については第二章で述べたが、方位の制御
の重用性がデータ解析の信頼性を上げる上でも必須となる o Fig. 3.10には、 373K、1.0
MPaにおけるルピジウムの 28= 40 の高圧窓からの回折スペクトルを示したものである O
X線透過窓、の方位は Fig.3.9に示した<123 >方位のものである O 図中の全散乱強度
(Total scattering intensity)から、空の試料セルからの Background、及びルピジウムの
非干渉性散乱強度を差し引き、相関のない孤立したルピジウム原子による散乱強度 (Self
scattering intensity from Rb atoms)との比により S(Q)が導出できる O なお、エネル
ギーから散乱波数への変換には前出の通り、 Qニ (4πsin8jhc).Eを用いる O
各散乱角からの構造因子S(Q)を決定し、最終的にそれらを繋ぎ合わせることによっ




















fluid Rb， 373 K， 1.0 MPa 
50 100 150 
Energy (keV) 
Fig.3.10 X-ray di旺'ractionspectra of fluid Rb at 28 angle of 4 0 • 







O 2 3 4 5 6 7 
Q (A-1) 
Fig.3.11 (a) 8(Q) data obtained at di旺erentangles for 自uidRb at 100 oC and 





f∞ sin(Q.R) g(R) = 1 +たす十 I(S(Q) _l)~~~~'"V;~J Q~dQ (3.17) 嗣ん Q.R 
データ解析により求めた構造因子 S(Q)には、試料セルからのバックグランド以外に
も、ハッチ内の迷光などに起因するブロードなバックグランドなどを含んで、いる場合が
ある O このようなパックグランドを S(Q)が含む場合、 g(R)における Rの小さな領域に
ghostピークが現われることがある O この ghostを除去するには、 Levyら[9]、Kaplowら
[10]により提案されている逆フーリエ変換の方法が有効である O まず、実験的に求められ
たS(Q)から g(R)を求める O 次に、 g(R)のR= Rmaxまでの逆フーリエ変換を S'(Q)
とするo g(R)の第 1ピークが始まるまでの位置 R=Roまでの g(R)をOとおいた二体








散乱実験より測定したものである O 図中の 373Kにおける構造因子の第 1ピークは、1.52
A-1に位置しており、融点付近における液体ルピジウムの従来報告 [11-15]と同様の値を
示している O
温度上昇(密度低下)に伴い、第 1ピークと第 2ピークの強度は低下していく O しかし
ながら、第2ピークは完全に減衰してしまうのではなく、 2123Kまで、その振動が残って
いることが特徴である O この特徴は、以前に報告された Franzら[16]や Winterら[17]
の報告とは明僚に異なる挙動である O 第 1ピークの位置は、 1473Kまで、徐々に低Q側
にシフトしていく o 1473 Kにおける第 1ピークの位置は、およそ1.46A-1である O そ
の後の密度低下に対しては、ほぼ一定値を示した。一方、第 2ピークの位置は、密度低下
に伴い高 Q側にシフトしていくことがわかる o 373 Kにおける構造因子の第2ピークの
96 
3.3 実験結果 63 
‘ 
? ? ?
973 20.0 1.26 





Fig.3.12 Structure factor S(Q)s for fluid rubidium from the triple point up to 













~1.5l+ r+l+ !r+rHr! 
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1.4 L-I -/--'--'----'----'----'------'-----' 0.5 1.0 1.5 
Density (9 cm-3) 
Fig.3.13 Variation of the position of the first peak of structure factor， Q1 and 
that of the second peak of the structure factor， Q2 of fiuid Rb as a function of 
the density. 
位置は 2.85A-1である O その位置は、 1473K (密度 rv1.0 g cm-3)にかけて 3.0A-1に














1573 Kに至るまで、第 1ピークの強度は徐々に低下していく O 一方、第2ピークの強
度はこの温度までに大きく減衰する O 第 1ピークの位置は、最近接の原子間距離に相当
する O その位置は、 1473Kまでほぼ一定で、それ以上の温度領域で Rの小さい側にシフ
トしていくことがわかる O 密度 0.5g cm-3付近からは g(R)の第 1ピークの形状はそれ
までの形状に比較してややシャープになり、この密度付近での挙動の変化を示している O
Fig. 3.15には、いくつかの温度庄力条件において、 g(R)の第 1ビープ付近の形状を拡大
して比較したものであるo 1673 K付近ではすでにピークは Rの小さい側にシフトしてい
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Fig.3.14 Pair distribution function g(R)s for fiuid rubidium from the triple point 
up to the supercritical region. 
100 











Fig.3.15 Variation in the shape of the first maximum of g(R) at several experi-
mental conditions. 
3.3.3 最近接原子間距離・配位数の密度依存性
Fig. 3.16(めには、 g(R)の第 1ピークを与える位置 R1の密度依存性を示す。 R1は最
近接の原子間距離に相当する o 373 Kにおける R1の値は、 4.85Aで、ほぼ国体におけ
る最近接原子間距離の値 (4.837A (at 5 K)[18])に等しい。これは金属液体が融解に際し
でも国体とほぼ向様の短距離構造を保持するという報告 [19]とも符合する o R1は、密度
1.1 g cm-3まで若干の低下傾向を示しつつ 4.8A程度の値を示す。さらに密度の低下に
伴い、その低下傾向が増し、1.1g cm-3以下では明瞭にR1が低下していく O すなわち、
最近接関距離は縮まっていく o 0.6 g cm-3付近では、 R1の値は 4.4Aで、最終的に 0.5
g cm-3以下では 4.2A付近で一定になるような挙動を示している o 4.2 Aという R1の
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Fig.3.16 (a) Density dependence of interatomic dista恥 eR1・ (b)Density de-
pendence of coordination number. The critical density is denoted ρc・Thecor阿南












Fig.3.17 To obtain the definite coordination number from the diffusive and 
broad 9 (R) pattern of the liquid， we tried two di狂'erentmethods of calculation. 
The first one (method A) is the method of integrating radial distribution func-
tion (RDF) defined as 4πR2nog(R) up to the maximum position of g(R)， Rl， 
and taking twice the integralうwhereno denotes the average number density of 
rubidium. Coordination number derived by this method is denoted as N Aぅwhich
represents the number of ions coordinated at the shortest distance in the first 
coordination shell. The second one (method B) is integrating RD F up to the 
first minimum of it (=Rrnin). Coordination number derived by this method is 













」ーここで noは流体の数密度である Oクまで積分したものを 2倍して得られる値である O
この方法で導出された配位数は、最近接配置のの方法で導出された配位数を NAとする O
一方、第二の方法で求めた配位数NB は、最近接原中で最も内側にある原子をみており、
子の配位数を最も広い範囲で考えていることに相当する o Fig. 3.16(b)よりわかるよう
に、 NAは密度の低下に伴い1.46g cm-3における 6から 0.5g cm-3における 2へとほ
一方、 NBは密度の低さらに密度が低下すると NAは1に近づく Oぼ直線的に低下する O
下に伴い1.1g cm-3までは単調に減少するが、 1.1g cm-3よりも密度が低下すると NA
とは対称、的にその低下傾向は緩慢になり、線形性からのずれを示す。1.1g cm-3から 0.7
g cm-3の開でNB は5rv6の値を示す。密度が0.7g cm-3以下になると NBは再び減
少し、 4程度の値となるo NBが線形性からの偏差を示す密度領域1.1g cm-3付近は、最
また、 NB を近接原子関距離 R1の低下傾向も同時に強まっている領域に相当している O
求める際のRminの値は、ほぼ5rv6Aであった。
本実験で得られた最近接原子間距離、配位数といった短距離構造の変化は、従来の中性












界密度 (卯0.2鈎9g cm一-3)から離れた 1.1 g cm"立1司一-司叩司句-司悶句-悶句司-
が現れていることが明らかとなつた O 最近接原子間距離が密度の低下に伴い短くなり仏、融










度 0.6g cm-3以下であり、我々が観測しているミクロ構造の変化の生じる密度領域 1.1
g cm-3よりも低密度領域であるo 0.6 g cm-3以下の密度領域では、我々の実験データも
R1が Rb2の核開距離4.2Aに、また近接の配位数NAが 1に近づくということにより、












める必要がある O この認識およびその背景については第 1章にて述べた通りである O 電
子ガスモデルにおける基底状態は電子聞の平均距離に相当するらパラメータにより特徴
付けられ、この九パラメータが電子間相互作用の指標となる O らパラメータの定義は、













εB = 1 + 41Tnα (3.19) 
で定義される O
ここで、αはイオンの分極率、nはイオンの数密度である o Fig. 3.14( a)の上部の横軸は、
ぺによりスケールされている O ぺは、ルピジウムのイオンコアの分極率 αニ1.5X 10-24 
cm3 [31]を用いて上式によりらに対して補正を行ったものである O 注自すべきは、配位
数の減少傾向が線形性からずれて緩慢になり始め、最近接原子間距離の低下傾向が強まる



























Overhauserにより指摘された CDWは、波数空間で 2kF (kFはFermi波数)に相当して































[1] K. Tamura and M. lnuiうJ.Phys.: Condens. Mαtter 13ぅR337田368(2001). 
[2] K. Nishikawa， T.IijimaぅBull.Chem. Soc. Jpn. 57う1750四 1759(1984). 
[3]細川伸也?田村剛三郎う広島大学総合科学部紀要IVう第 17巻ぅ 1-34(1992). 
[4] K. Tamura， M. lnui and S. Hosokawa， Rev. Sci. Inst. 70 (1)ぅ144(1999). 
[5]早稲田嘉夫?松原英一郎う X線構造解析う内田老鶴田ぅ (1998).
[6] Koraha， private communications. 
[7] S. SasakiぅKEKReport 90醐 16ぅ1-143(1990). 
[阿8刊]O. Red心lichうJ.N.S. Kwon時gう Cl 児悶m問7η1/l化Cαal ReωTυ仇j凡t臼似'le1.臼印t匂ωI
[9問例]H. A. Levy うM. D. Danぱfおordand A. H. Na紅rt“e白印n広1工:ORNL-甲3960， July 1966. 
[10] R. KaplowぅS.L. Stro時ぅ andB.L. A verbachう Phys.Rev. 138， A1336四A1345
(1965). 
[1] Y. WasedaぅTheStructure of Non-Crystαlline M，αterials; Liquids and Amorphous 
Solids (McGraw-HillうNewYorkう1980).
[12] N. S. Gingrich and LeRoy HeatonぅJ.Chem. Phys. 34 (3)， 873-878 (1961). 
[13] J. R. D. Copley and J. M. RoweぅPhys.Rev. A 9ぅ1656(1974). 
[14] D. I. Page， P.A. Egelstaffう J.E. EnderbyぅandB. R. Wingfield， Phys. Lett. A 
29(6)， 296 (1969). 
[15] K. SuzukiぅM.Misawa， and Y. Fukushirr凧 Tnαns.Jp凡 Inst.Met. 16(5) 297四304
(1975). 
[16] G. Franz， W. FreylandぅW.Glaser， F.Hensel and E. Schneider， J.Plゅ• Colloq. 
C8 194-198 (1980). 





[18] C. Kittelう Introductionto Solid Stαte Plゅics6th ed.う (JohnWiley and Sons， 
New Yorkう1986).
[19]竹内栄編う金属物性基礎講座 5金属液体の構造と物性?丸善ぅ (1978).
[20] Miroslav Urban and Andrzej J. Sadlejうよ Chem.Phys. 103ぅ9692-9704(1995). 
[21] W. Freyland， J.Phys. Colloq. C8ぅ74四76(1980); W. FreylandうPhys.Rev. B 20ぅ
5104四5110(1979) . 
[2] S. J. PingsぅinPlゅicsin Simple Liqωds， edited by H. N. V Temperleyぅ J.S. 
RowlinsonぅandG. S. Rushbrooke (N orth-Holland， Amsterda瓜 1968).
[23] M. InuiぅXingωHong，and Kozaburo Tamura， Phys. Re1人 B68， 094108 (203). 
[24] K. Tamura， and S. Hosokawa， Phys. Rev. B 58 9030 (1998). 
[25] F. ShimojoぅY.ZempoぅK.Hosl註noぅandM. WatabeぅPhys.Rev. B 52ぅ9320-9329
(1995). 
[26] E. Cαh胤 on仏1，うM.Rei恒naldo-幽 F
Phゆ伊ys.Rev. B 71 う024204-1-7 (2005). 
[27] W.心.PilgrimぅM.Ross， L.H. YangぅandF. HenselうPhνs.Rev. Lett. 78う3685-
3688 (1997). 
[28] F. Hensel and W. W. Warrenぅ Jr.う FluidMetals; Liquid田 VαporTrlαnsition of 
Metαおう (PrincetonUniversity Press， PrincetonぅNJう1999)
[29] W. W. WarrenぅJr.and G. F. Brennert， Phys. Rev. B 39ぅ4038-4050(1989). 
[30] R. Redmer and W. W. Warren， Phνs. Rev. B 48ぅ14892-14906(1993). 
[31] C. A. Kukkonen and J. W. Wilkins， Phys. Rev. B 19ぅ6075-6093(1979). 
[32] D. CeperleyぅPhys.Rev. B 18ぅ3126(1978). 
[3] G. Giuliani and G. VignaleぅQuαntumTheory of the Electron Liquid (Cambridge 
University Press， 2005). 
[34] J. P. EisensteinぅL.N. Pfei百'erand K. W. WestぅPhys.Rev. Lett. 68ぅ674-677
(1992) 
[35] Y. Takada， J.S叩 erconductivityぅDOI:10.1007/s10948-005-0081-3う (2005).
[36] O. V. DolgovぅD.A. KirzhnitsぅandE. G. MaksimovぅRe1人 Mod.Phys. 53ぅ81四93
(1981). 
[37] Y. Takada， Abstract submitted for the March 2006 Meeting of The American 
109 
Physical Society. 
[38] O. V. Dolgov and E. G. Maksimov， Sov. Phys. Usp. 25ぅ688-704(1982). 
[39] S. Ichimaru， Rev. Mod. Ph伊 .54，1017τ叩-1059(ο1982); H. 1片yetomi，K. Ut臼su阻m凶lI，うa鉛n
S. 1恥chima紅ru民1，うPhゆ伊ys.Rev. B 24， 3226 (1981). 
[40] C. A. BurnsぅP.M. Platzman， H. Sinn， A. AlatasぅandE. E. Alp， Phys. Rev. 
Lett. 86う2357四2360(2001). 
[41] D. Pines and P. Nozi白紙 Thetheory 01 qω的 Lmliqωds Vo1.1 206-210 (W. A. 
Benjaminうinc.うNewYorkう1966).












輝度の X線が必須条件となる O 本研究では、流体ルピジウムの X線小角散乱実験を大型
放射光施設SPring田8のBL04B2ピームラインにおいて実施した。 BL04B2ビームライン
は、高圧条件を実現するために我々の研究グループが開発した高庄ガス圧縮設備を備えて
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Fig.4.1 Schematic diagram of the optical set四upfor SAXS measurements at BL04B2. 
Fig.4.2 Experimental apparatus for SAXS measurements in the experimental 
hutch at BL04B2. 
が必要とされる O
Fig. 4.1には、 BL04B2における X線小角散乱測定の光学系の模式図を示す。 BL04B2
は、 37keV以上の高エネルギー X線 (37.8keVう 61.7keVぅ 113.3keV)により回折実
験を行うことのできるビームラインである O 本研究における小角散乱実験では、入射X
線として、 Si(lll)面から反射した 37.8keVの高エネルギー単色 X線を用いた。図中
の実験ハッチ (Experimentalhutch)よりも上流にある光学ハッチ (Opticshutch)内
の TC(TransportChannel)スリット 1とTCスリット 2を用いて入射X線を O.2xO.2
mm2まで絞り、実験ハッチ内の高圧容器近くのフロントスリット (Frontslit)で TCス










Fig. 4.3には SPring-8ビームライン BL04B2に設置した 1900oC、196MPaまで測
定可能な X線小角散乱用高圧容器の側面図を示す [1，2]0 
X線回折実験用の高圧容器と同様、内熱型である O 高庄容器は上下のフランジとシリン
ダーからなる O 上下のフランジは、高圧ガスの圧力によって高張力鋼製のフレームに押し




く、高圧に耐えることができ、 X線の窓、材として適している O 高圧容器を用いたときに測










t He gas inlet 
~ 一…一一一一……一一つ?





調整を行う O 光学ハッチの TCスリット 1とTCスリット 2を用いてビームを O.2xO.2









し、高圧容器へのビーム通しを行う O ピームが通ったら、 1MPaまで加圧し、サブヒー
ターとメインヒーターにより試料を加熱する O 所定の温度圧力条件になったら X線を照
射して測定を行う O 放射光を用いても、通常の結晶の回折スベクトルに比較すると散乱強
度は弱く、通常は 1スベクトルにつき 20分間イメージングプレートを感光させる O
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Fig.4.4 The liquid田vaporcoexistence curve of f:luid Rb and the conditions of 
temperatures and pressures where SAXS measurements were carried out (open 
circles). 
1~~:nple ( Q) = (んNf2(Q)S(Q) + 1B(Q)) xAS xAB ( 4.1) 
Fig. 4.4には、 X線小角散乱実験における測定点を示す。 x線回折実験にほぼ対応する
温度圧力条件で測定を行った O 融点近傍の 373Kから臨界点を超える 2123K までの温
度圧力領域で、測定を行った。また、 X線小角散乱スペクトルの絶対値を評価するため、圧















」? ? ? ? ?
fluid Rb & Background， 2123 K， 14.0 MPa 
。 0.1 0.2 0.3 
Q (A-1) 
Fig.4.5 SAXS intensity spectra of an ernpty cell at 373 K and the cel and fiuid 
Rb at 2123 K and 14.0 MPa near the critical density after absorption correction. 
1Eb8(Q) (= 1B(Q) xAB)を用いて、以下のように吸収補正を施し、 18αmple(Q)を求める O
1~~~ple(Q) Tob8 18αmple(Q) = -8am~te\ "V/ 1E(Q) = 1oABNf2(Q)S(Q) (4.2) 
}JbG ¥ '" I As 
Fig. 4.5には、2123K、14.0MPaにおける流体ルピジウムの小角散乱強度スペクトルと、
373 Kにおける空の試料セルからの小角散乱強度スベクトルを比較して示す。流体ルピジ
ウムのスベクトルは試料による吸収補正を施したものである O 図中に示した Background
は試料容器からのものであるが、実際にはヘリウムガスからの Backgroundもルピジウ
ムのスベクトルには含まれる O そこで、さらにヘリウムガスからの Backgroundも差し











。 Hegas 20 MPa (experiment) 
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Fig.4.6 Scattering intensity of pressurized He gas at 20 MPa. Open circles 



















1.42 g cm-3から 0.56g cm-3までの8(Q)を、 Fig.4.8には、 0.5g cm-3から 0.45g 
cm-3付近まで 8(Q)を示す。なお、各8(Q)のスペクトルは、 0.5ずつ上方向にシフトさ
せて示している O




K MPa 9 cm-3 
2073 20 0.56 
1973 20 0.65 
1873 20 0.72 
1773 20 0.79 
1673 20 0.86 
1573 20 0.92 
1473 20 0.97 
1373 20 1.02 
1273 20 1.07 
1173 20 1.12 
973 20 1.23 
773 10 1.33 
573 5 1.42 
0.3 
Fig.4.7 Structure factor of expanded fluid Rb at low Q region (in high density 
metallic liquid ra時 e).The condition of temperatures and pressures and the自uid
density are shown in the figure. 
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? ? ? ?
。
0.3 0.1 0.2 
Q (A-1) 
K MPa 9 crrγ3 
2123 14.0 0.45 
2123 14.3 0.465 
2123 14.6 0.47 
2123 15.2 0.475 
2123 15.6 0.477 
2123 16.2 0.48 
2123 16.8 0.484 
2123 17.6 0.486 
2123 18.8 0.49 
2123 20.0 0.50 
Fig.4.8 Structure factor of expanded fluid Rb at low Q region (near the critical 
density). The condition of temperatures and pressures and the日1耐 densityare
shown in the figure. 
120 
4.3 実験結果
Fig. 4.7における 8(Q)のスベクトルの変化を見ると、およそ 0.97g cm-3付近から
小角散乱強度が徐々に増大し始めることがわかる O この様子は以下の Fig.4.9を見ると
より明瞭となる o Fig. 4.9には、高密度の液体側における 8(Q)を、三つの密度(1.33g 
cm-3う0.97g cm-3う0.86g cm-3)について、 X線回折測定より得られた8(Q)と比較し
たものである O
8(Q)をQ→ Oに外挿した値、すなわち 8(0)の値は、密度0.97g cm-3で0.2、密度
0.86 g cm-3で0.6程度である o Fig. 4.7では読み取りにくいが、広角側の8(Q)と合わ
せて小角散乱の変化を見ると、小角領域における 8(Q)の立ち上がりがこの密度領域から
顕著になっていることがFig.4.9(a)からわかる O






























Fig.4.9 (a) Comparison between structure factors of expanded fluid Rb at low Q 
region and those at high-Q region. (b) SAXS spectra at three different densities 














小角散乱実験より得られた 8(Q)を以下の Ornstein-Zernike式 [6，7]を用いることによ
り解キ斤を行った。
S(0) 
8(Q) = つつ+c'2Q'2 (4.5) 
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Fig.4.12 Comparison between 8(0) measured in the present experimet and those 
previously measured by neutron diffraction[8] and the equation of state[9] (ther-
modynamic measurement) for expanded fiuid rubidium. 
Fig. 4.13には、 (4.5)式の Ornstein司 Zernike式により得られた相関距離とを示す。融
点近傍における密度領域では、小角散乱強度が小さく、エラーが大きい。密度が1.2g 
cm-3よりも小さくなると、 rv5A程度の値を示す。相関距離は密度の低下に伴い徐々に
増大し、 0.4g cm-3では 7.5A程度の値を示す。さらに密度が低下するとその増大傾向
が強まり、臨界密度付近で 10rv 12 Aまで増大する O
?
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Density (9 cm-3) 
Fig.4.13 Density dependence of the correlation length c for expanded fluid rubidium. 
4.3.3 直接相関関数と influenceparameter 
OrnsteinとZernike[7]は、原子 1と2との聞の相関を 2つの寄与からなるものとし、
以下に示す相関関数についての関係式、いわゆる Ornstein-Zernikeequation ((4.6)ある
いは (4.7))を導入した。以下にそれについて述べる O 原子 1と2との聞の相関に対する 2
つの寄与のうち、第 1の寄与は、直接の相互作用及びこれらの原子の周囲に存在する他の
原子が原子 1及び2に対して生ずる相互作用を通じて、原子 1と原子2の聞に直接の相関
を与える直接相関である O この直接相関を記述する関数を (directcorrelation function) 
c(r12)とする O 一方、第 2の寄与は、原子 1と2には直接の相関がなくても、原子 1と
他の原子例えば3との聞には直接相関があり、原子 3と原子 2の間に相関があるときに
は、原子 1と2には一種の相関を引き起こすことになる O これは原子 1と2の間接的な
相関 (indirectcorrelation)である O 従って、原子 1と2の全相関関数 (totalcorrelation 
function) h(r12)は、 2つの寄与の和として、
h(r12)ニれ (4.6) 
あるいは、 γ12= Irl =γ、r32= 1つ=〆、 r13= Ir-r'lとして、
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h(r) =吋川 (4.7) 
のように書くことができる O ここで ρは数密度である O 式 (4.7)の両辺をフーリエ変換
することにより、直接相関関数のフーリエ変換c(Q)は、全相関関数のフーリエ変換h(Q)
と以下のように関連付けられる O













ので、 8(0)-1→ Oとなる O 従って、その右辺も臨界点では Oに漸近する O
1一戸(0)= 1ーイc(r)dr (4.12) 
を得る O 一方、
別0)= 1 +ρh(O) = 1 +小(γ)dr ( 4.13) 
であるから、臨界点付近で 8(0)が発散するということは、 1十ρJh(γ)drが発散するこ
とを意味し、これは h(γ)が遠距離範囲に及ぶことを示す。一方、式(4.12)は、直接相関
関数c(γ)が短範囲に及ぶものであり、 γの増大に伴い h(γ)より速く Oになることを意味













となる O 上述の c(Q)の具体的な展開式は、以下のようになる [10]0
(4.15) 




























? ? ? ?
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従って、 c(Q)の展開式の Q2の係数 C2は、
C2 =ιlXO c(γ)γ4dγ ( 4.17) 
となる O
一方、 c(γ)の二次のモーメント (2ndmoment of c(γ)は、 Jr2c(r)drで定義され、以
下のように変形される O J r2c(帥ニ吋∞ぺ~川c(叶什γ汁
従つて、 C2とc(γ)の二次のモーメントは比例関係にあり、以下の関係式が成り立つ。
(4.18) 
C2 =ιf仲 ( 4.19) 
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Fig.4.14 Density dependence of -ρC2 for fluid rubidium. Open circles indicate 
those obtained from SAXS measurements. Closed circles indicate those deduced 
by the second moment of c(r) obtained仕oma wide angle x -ray scattering mea四
surements. The corresponding scale ofぺisshown on the upper axis of the 
graph. 









として、短範囲相関距離 (shortrange correlation length)、R を導入し、 Ornstein-
Zernikeの相関距離ととは異なり、臨界点付近でも原子半径程度の値にとどまることを指








Ornstein四Zernike式 (4.7)により、 c(γ)について知ろうとするためには、 c(γ)とh(γ)







従って、 c(γ)の二次のモーメントに比例する -ρ句、すなわち R2の値は、定性的には、
その相互作用の及ぶ範囲を相対的に反映する量と考えられる O また、相互作用ポテンシャ
ルの遠距離部分の変化に強く影響を受ける O 従って、 R2の増大は、粒子間の相互作用ポ
テンシャルの及ぶ範囲が 1.1g cm-3付近で最も広範囲に及ぶことを示すものと言える O
Fig. 4.14の黒丸で示した点は、第3章で述べた X線回折実験から導出した8(Q)を用い
てc(γ)を求め、その二次のモーメントから -PC2を導出したものである O 絶対値としての




一方、臨界密度 (0.29g cm-3)付近における -PC2の挙動は比較的おとなしい。この領





パラメータである O 図中のピークが1.1g cm-3付近であり、 γ;で 5rv 5.5の聞に位置
し、最近接原子間距離や配位数などの局所構造の変化が始まる領域と符合している O この
ぺパラメータによる議論は後の考察で述べる O




度を n(r)として、以下のように与えられる [18]0 
flα b ，_ ， ，，<) I 
F{n(r)} =乃+I I ~(n(r) -i)乙十一(Vn(r))乙Idr (4.22) I 12' ， / 2" 1/ 1 
ここで、 Foは、均質流体の自由エネルギ一、 bは流体の濃度勾配 Vn(r)の二乗の係数
で、濃度勾配エネルギー係数や、 "infl.uenceparameter"と呼ばれ、流体の界面エネルギー




b = -C2kBT 
( 4.23) 
( 4.24) 
Fig. 4.15には、 infl.uenceparameter の密度依存性を示す。一ρC2の挙動とやはり定性
的には同様であり、1.1rv 1.0 g cm-3付近で極大を示す傾向がある O すなわち、 (4.22)に
おける bの役割を単純に解釈すれば、この密度領域で流体の界面エネルギーは増大してお
り、急峻な濃度の空間変化はエネルギー的に不利となる状況に対応する O その後、さらに




1.1 g cm-3付近から、流体密度の低下に伴い最近接原子間距離 R1が縮小し、配位数の
低下が緩慢となり、系における不均質性が増大していく o X線小角散乱の結果によれば、


















8.0 7.0 6.0 5.5 
PC 
時it i
0.2 0.4 0.6 0.8 1.0 
Density (g cm-3) 
5.0 4.5 
1.2 1.4 1.6 
Fig.4.15 Density dependence of influence parameter for fluid rubidium. The 














体密度で1.1g cm-3に相当する O 従って、気液臨界密度よりも相当に離れた金属側の密










κtotαl κelectron κioη 
( 4.25) 
しかしながら、電子系が一様に収縮しようとする傾向は、何らかの形で現れる可能性が










































2kp に相当し、その実空間スケールが 5~6Å 程度であることを指摘した。実験により
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算結果 [12，13， 14]によればうらr'V75で強磁性液体への転移が，r sr'V 100でウイグナー
結晶への転移が起こることが予測されている.
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? ェ ?? ェ ?





















































ここでう eは電子の素電荷， r2tは系の体積， qは波数ベクトルである.圧縮率総和則によ









(Tc = 1744 ocうPc= 124.5 bar，ρc 0.38 gcm-3)を超えて気体にいたる幅広い温度圧力
領域でX線回折実験及びX線小角散乱実験を実施してきたこれまでの実験結果によ
ればう流体ルピジウムの低密度化に伴いう1.1gcm-3以下の低密度流体領域においてミ
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Si(ll 11 11)反射による後方散乱によりう 0.8meVの帯域幅を持つ 3X 109 photons/s 
のピームが高圧容器内に設置された試料に入射される.入射X線のエネルギーと後方散
乱のブラッグ角はうそれぞれ21.747keV，89.980 である.今回の測定ではう 10mの水平な




































































































1 1 mm 
図 15:底面の溶接
最後に試料j留めを溶接する.(図 16)ビーム電流は 8mAう加工速度は 0.7m/minであ

























































































ある. 本実験では 1000C10 barから 500oC 200 bar， 800 oC 200 bar， 1100 oC 200 bar， 
1400 oC 200 barの条件において測定を行った.当初はうさらに流体を膨張させう液体から
より希薄な気体状態にいたる幅広い密度領域での測定を予定していたがう測定上のトラ
ブルにより 1400oC 200 barまでの測定となった.100 oC 10 barにおいてルピジウムの






































測定は空の試料容器を別に準備し行った.二回目の測定(Q=8.31nm-1rv 20.94 nm-1) 
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(d) 1100 oC 200 bar 図 27:動的構造因子(c) 800 oC 200 bar 






置は散乱ベクトルの変化に伴い移動する • Q = 3.19 nm-1から散乱ベクトルが増大する
に伴いう非弾性ピークの位置は高エネルギー側へと移行していく.しかしう Q 8.31 nm-1 



















て今回の測定データを検証する.図 28は1000C10 barぅ500oC 200 barう1100oC 200 bar 







o 1 OOoC 10bar 1 .45 gcm同3
ム 5000C200bar 1.31 gcm開3
¥l 11000C 200bar 1.04 gcm-3 
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S(Q，ω nwjkBT f Ao f。 AQ 4fQVDゐ-fゐ i〈…一十 -':--_----=') } 
S(Q) 1 -e一九ω/kBTl 1fω2十f02 吋BTn(ω2-D~)2 + 4ω2fQ2 f 
第一項が準弾性ピークとなるローレンチアンう第二項が非弾性ピークとなる DHOで







o exp. S(Q， ω~/S(Q): 



































図 32:縦流速密度相関関数 (currentcorrelation function) 




C 10 barから 1400oC 200 barまで系統的に変化している.低散乱ベクトル領域で
は温度の上昇に伴いう集団励起エネルギーは減少する傾向にあるが?高散乱ベクトル領




















































1 OOoC 10bar 1 .45 gcm-3 
5000C 200bar 1.31 gcm-3 
8000C 200bar 1.18 gcm-3 
11000C 200bar 1 .04 gcm-3 










































1000C 10bar 1 .45 gcm剛3
5000C 200bar 1.31 gcm-3 
8000C 200bar 1.18 gcm-3 
11000C 200bar 1 .04 gcm-3 










係における Q= 3.19 nm-1， 4.53 nm-1の結果とう向条件について超音波測定により得ら
れている断熱音速を図 35に示す.1000C 10 barでの断熱音速の値は， Ohseの結果 [14]





1000C 10 bar 1.45 gcm-3 
5000C 200 bar 1.31 gcm-3 ム
8000C 200 bar 1.18 gcm舗3口4 
11000C 200 bar 1.04 gcm司3

















Q = 3.19 nm-1とQ= 4.53 nm-1での励起エネルギーの断熱音速に対する偏差の密
度依存性を図 36 に示す • Q = 3.19 nm-1において 7励起エネルギーは 2meV付近の値
をとるがう分光器の分解能は1.5rv 1.8 me Vである.従ってうその絶対値は信頼性に欠
けるため議論しないがう1.1gcm-3付近の密度領域を境に偏差の密度依存性は変化する.
1.1 gcm-3以上の密度領域では低密度化に伴い減少傾向を示すがう 1.1gcm-3以下の領
域では一定に落ち着く傾向にある.Qごこ 4.53nm-1ではう 1000C10 barにおいてう若干
の正の偏差が見られ7低密度化しでもその偏差はほぼ一定であるが?それは最も低密度
となる 1400oC 200 barにおいて増大する.
ある散乱ベクトルにおいて励起エネルギーが断熱音速に対して正に偏差するという
結果はうその散乱ベクトルに対応する波長の音波が断熱音速よりも速い速度で伝わる
ことを表している • Q = 4.53 nm-1は実空間上で 1.4nm程度のスケールに対応する.
従ってう密度の低下に伴い Q= 4.53 nm-1の励起エネルギーの偏差が増大することはう
流体内に不均質性が生じう 1.4nm程度の硬い部分が存在し始めることを意味する.一
方う Q= 3.19 nm-1 は実空間上で 2.0nm 程度のスケールに対応する • Q = 3.19 nm-1 
に関してうその偏差が低密度化と共に減少することが何に起因するかは分からないがう
































図 36:Q = 3.19 nm-1， 4.53 nm-1における集団運動の励起エネルギーの断
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ァ(Q) ゾ牙V (9) 
ωL(Q)はS(Qぅω)の4次のモーメントでありう以下の式で近似される.
2 I .2 (1 3 sin( Qrl) 6 cos( Qrl) I 6 sin( Qrl) ¥ ω2(Q)~il--+  







































ムQ= 9.71 nm-1 

































る[34].通常のjelliumは， deformable jelliumに対しrididjelliumとも呼ばれる.Tran 
ら[35]はう rididjellium及びdeformablejellium内に電子の電荷密度波が生じる場合の
音響的な集団運動を考察しており 7以下にその結果を示す.
deformable j eli umにおいて静的な密度揺らぎを許容した場合7静的誘電関数は以下
の式で表される [35].
7~2 L 
SW(qj)= んF +」Eヲ[ー ら(X，rs)] 
12凡(X) I 1山A (13) 
ここで， X= q/2kFでありう kFはフェルミ波数である.また，kpは(15)式でらパラメー
タと関連づけられる.
kp (守口=苧 (14) 
凡(X)は(16)式で示されるリンドハルド関数[1]である.
-X2 1十 XI
凡(X) = ~ + -A ~~ ~ ln 1 ~ I -:-1 2' 4X --1 -X 1 (15) 
Fsは正の値をとりうX→ Oでは 1-X2/3，X→ 1では1/2うそしてX→∞では 1/3X2
の極限をとる • Gxcは静的局所場補正と呼ばれるものでう電子ガス中の二電子聞に働く
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/時、 d2(nらc (k}¥ d2 (nEc) 
く r(Ts)z-l-111-i-l<193(17)
1π J dn2 ¥πJ dn2 
でありうらc)EXはそれぞれ交換相関エネルギー?交換エネルギーである.
Qコ 3.19nm-1) Q = 4.53 nm-1について (8)式より得られた静的誘電関数の密度依
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exp.舟ω5000C200 bar 1.31 gcm鮒3ム
exp. nω8000C 200 bar 1.18 gcm司3
exp.舟ω11000C200 bar 1.04 gcm圃3









一・-cal. nω1:G rs = 4.60 (1.45 gcm-3) 
金ー一 cal.舟ω1:Grs = 4.83 (1.31 gcm-3) 
















Q = 3.19nm-1， 4.53nm-1についてう本実験より得られた励起エネルギーの二乗(nw2)
とう電子ガスモデルから導出した励起エネルギーの二乗(nωふ)の密度依存性を図43に
示す.九ωBGはQ= 3.19 nm-l， 4.53 nm-1共に 7低密度化に伴い一様に減少しうら >5.25 
の領域において負に転ずる.九ω2は九ωSGと同様にう低密度化に伴い減少傾向を示すがう
Q = 3.19nm-1においてその減少傾向は一様ではなくう 1.2gcm-3を境にう減少傾向に停













??? ??? ?? (19) 
図 44 に ωcore の密度依存性を示す • Q = 3.19nm-1うQ= 4.53nm-1共に7ωcoreは低
密度化に伴い減少傾向を示す • Q = 3.19nm-1ではう九 > 5.25となりう静的誘電関数
が負の値をとる1.1gcm-3以下の密度領域において減少傾向に明確な停滞が見られる.
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SPring-8 の BL35XU ビームラインにて実施した • Q = 3.19 nm-1から Q= 20.94 nm-1 








ルピジウム内に構造不均質性が現れう 1.4rv 2.0 nm程度のスケールを持つ硬い部分が存
在することを示している.
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